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CHAPTER 1 
INTRODUCTION 





1. General 


a. The part of the radio-frequency energy spec- 


~ trum covered in this manual extends from 30 to 
1,000 me (megacycles). This area includes the 
entire vhf (very-high frequency) band between 
— 80 and 800 me, and that part of the uhf (ultrahigh 
frequency) band extending from 300 to 1,000 me. 
Utilization of this part of the radio spectrum for 
- such purposes as communications and radar was 
slow because of the relative freedom from con- 
gestion in the lower frequency bands in the 1930’s, 


the difficulty of developing efficient. equipment — 


for this frequency range, and general lack of 
recognition of its possibilities. = 

6. The great increase in congestion of the r-f 
(radio-frequency) channels below 30 me and the 
special advantages of the shorter wavelengths in 
the 30- to 1,000-mc band have resulted in a rapid 
expansion of research and development in this 
part of the r-f spectrum. The actual use of these 
shorter wavelengths has increased to a point 
where it is impracticable to cover every sort of 
equipment in a single manual. For that reason, 
-magnetrons, klystrons, traveling-wave tubes, and 
specific equipments using these devices are omit- 
ted. Even with these omissions, a large amount 
of information must be presented, and it will be 
studied more easily if the circuitry relationship 
between the 30- to 1,000-mc band and the parts 
of the radio spectrum above and below it are 
understood. The relationships between the type 
of components used in the circuits of the different 
frequency ranges are shown in figure 2. The 
upper limit for radio signals that can be returned 
effectively to the surface of the earth by the 
ionosphere is about 30 mc. Therefore, 30 mc was 
chosen as the low-frequency limit of this band. 
This 30-me dividing line is not ari abrupt one, be- 
cause there is no abrupt change in the ability of 
the ionosphere to return the waves to earth as the 
_ frequency is increased. The change of conduct 


of the ionosphere takes place over a region of the 
frequency spectrum with its center at about 30 me. 
The band of frequencies in which the ionosphere 
behavior changes occasionally moves _ bodily 
higher or lower by considerable amounts. ‘T’he 
1,000-me upper-frequency limit has been selected 
because it is about the highest frequency at which 

coaxial or parallel-conductor transmission lines — 
are practical. Above this frequency, waveguides 
and resonant cavities become desirable because of 
their greater efficiency. Again, the dividing line 
is not an abrupt one. The limit should be thought 
of as a transition region, centering on about 1,000 


me. 


2. Need for Vhf and Uhf Radio > 


a. Congestion on Lower Channels. The rapid 
expansion of radio broadcasting and communica- 
tions created the serious problem of interference 
between stations. To alleviate this situation, the 
governments of various countries have held many 
conferences since 1903, when they first reached an 
international agreement relative to the assignment 
of radio-frequency channels for various radio 
services. The field of radio increased rapidly and 
by the early 1930’s the radio channels between the 
lowest practical frequency (about 15 ke (kilo- 
cycles)) and the highest frequencies that had 
proved useful for long-distance communication 
were so congested as to hamper their usefulness. 
Thus the radio industry, radio amateurs, and var- 
lous government and military agencies were stim- 
ulated: to explore the region above 30 mc. In the 


early 1920’s, a great amount of the experimental 


work on the higher frequencies was done by 
amateurs. From the earliest days of radio, many 
prominent men, including Lee De Forest and 
Hiram Perey Maxim, have been active radio 
amateurs as well as professional engineers and 
scientists. ‘This trend continues in the present- 
day amateur fraternity, which numbers almost 
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Figure 2. Radio- -frequency spectrum. 


100 000 licensed members in the United States 
alona, | 

6. Special Advantages of Shorter Wiveeigiie 
In addition to the problem of congestion, certain 
natural characteristics of radio waves also en- 
couraged experimenters to study the part of the 
r-f spectrum above 30 me. 

(1) At 30 me and above, the ionosphere does 
not return radio waves to the surface of 
the earth very effectively, except under 
rather unusual conditions. At first this 

was considered a serious limitation since 
most of the emphasis in early radio de- 
velopment was on long-distance com- 
munication, far beyond the optical hori- 
zon (line of sight). It soon was realized — 
that the shorter wavelengths, above 30 
me, could be used for covering relatively 
local areas. This freed some additional 
lower frequencies for long-distance com- 
munication. Because propagation of 
these shorter radio waves did not reach 
points on the surface of the earth beyond 
the optical horizon as seen from the trans- 
mitting antenna, stations could operate 
on the same assigned frequency without 
interference, if they were separated far 
enough geographically. This principle 
already was being used on the broadcast 
band (540 to 1,600 kc), and other radio 
services operating in the region above 
30 me. Figure 8 shows a handy- talkie 
designed to operate at 50 mc. This pro- 
vides reliable short- -range communica- 

_ tion. 


(2) A second effect. of the decrease in wave- 


length as the frequency is increased is 


~ connected with the phenomenon of radio- 


wave reflection. All electromagnetic 
waves, such as radio, light, and heat, can 
be reflected, but how well they are re- 


flected Aebends on a number of different. — 


factors. One factor is the relationship 
between the length of the wave considered 


-and the physical size of the reflecting 
object. In general, an object must be a 
_ reasonable fraction (1/10 to 1/5) of a 


wavelength long in one dimension to re- 
flect radio waves effectively. Objects of 
one or more electrical half-wavelengths 
reflect best if other factors are equal. 


Therefore, the shorter the wavelength, 
_ the smaller the object that can reflect — 
the waves effectively. For example, a 


wave 10 meters long will be reflected 
readily from objects that would have 
little effect on a wave 100 meters long. 


Similarly, waves 1 meter long are re- . 


flected readily from objects the size of a 
caroranairplane. This is one of the basic 
principles on which radar operates, and 


_ its importance hardly can be exaggerated. 


Since many of the objects it is desired - 
to detect with radar are under 5 to 10 
meters in length, radio wave 5 meters or 
less in length will be more effective in 


‘detecting them than longer waves. Actu- 


ally, most radar equipment uses wave- 
lengths much shorter than 5 meters, rang- 
ing down to 1 centimeter or less. Earlier 
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Walkie-talkie radio set. 


Figure 4. 


equipment used wavelengths up to 10 


meters, and much of the radar used in. 
~ World War II operated at about 500 me, 


a wavelength of 0.6 meter. 
Another factor directly related to the 
wavelength is the physical size of the 


equipment used to generate the r-f energy, 


and the antenna needed to radiate it 
effectively. Both of these factors can be 
made smaller in direct proportion as the 
wavelength is made shorter. For ex- 


ample, a half-wave antenna for a station — 


operating in the broadcast band requires 
a steel tower hundreds of feet high, but 
at 500 mc an aluminum rod 30 centimeters 
long is sufficient. Obviously, equipment 


for the shorter wavelengths can be made 


more compact and portable because of | 
this relationship between physical size. 
and wavelength. At the lower frequen- 
cies in the 30- to 1,000-me band, the 
Army walkie-talkie equipment (fig. 4) 
- containing a transmitter, receiver, and an 
antenna is small enough to make it 
easily portable, and equipment for the 
higher frequencies can be made much 
smaller. This relationship between wave- 
length and physical size makes possible 

_ the construction of relatively small an- 
tennas capable of concentrating the 
radiated waves into a sharp, narrow beam. 
The beam, which can be pointed in a 
desired direction by properly position- 
ing the antenna, aids communication in 
the desired direction and reduces inter- — 
ference to stations in other directions. | 


3. Historical Background 


The events in the radio field that brought about 
the development of equipment and techniques for 


use above 30 me are of considerable interest and 


are an aid to understanding this part of the radio 
spectrum, and its practical uses. Intensive large- 


scale research and experimentation did not begin 
until about 1935, although small projects not re- 


garded as of major importance had been under- 
taken earlier by isolated experimenters. The 


_ original experiments of Heinrich Hertz in 1888, 
which demonstrated that radio waves were a 


physical reality, as suggested by Maxwell’s equa- 
tions, were made at frequencies near 100 me. 
Marconi’s first successful demonstration of long- 
distance transmission across the Atlantic in 1901, 
however, was made on a relatively low frequency. 


Marconi’s success caused most radio researchers 


to concentrate on the lower frequencies until the © 
development and use of the vacuum tube had pro- 
gressed to a point where voltage, or power ampli- 
fication and generation of higher-frequency radio 
energy, became relatively easy. | 
a. Karly History. As the lower-frequency 
bands became more crowded, and the nature and 
characteristics of radio waves more familiar, ex- 
perimeters began investigating the shorter wave- — 
lengths. Before 1930, Dr. A. Hoyt Taylor and 
his assistant, Leo C. Young, experimented with 
wavelengths between 20 and 5 meters (15 to 60 mc) 
for possible use for direction- finding purposes. 
During these experiments, they observed that 


. radio waves of suitable wavelength could be re- | 


flected from aircraft. It was partly as a result of 
their research that investigation was begun of this 
reflection phenomenon, later developed into radar. 
Many amateurs carried on experimentation in the 
assigned amateur bands at 56 and 112 mc in the 
middle and late 1920’s. By 1934, their work had 
demonstrated that reliable communication on such 
frequencies, using low power and physically small 
antennas, was practical over distances up to 50 or 
60 miles. Shorter wavelengths were being studied 
in many foreign countries, but it was not until the 
possibility of a detection and ranging device (ra- 
dar) became apparent that large-scale organized 
research began in earnest. This possibility, 
which had been suggested earlier in the experi- 
ments of Hertz, occurred to radio researchers of 
several nations in the middle 1930’s. A, radio 
method of locating objects was being tested in 
Japan, England, France, Germany, and the 
United States. Since the use of relatively short 
waves was highly desirable, because of the rela- 
tionship between the length of the wave and the 
size of the reflecting object, many of these ex- 
periments were being carried on at wavelengths 
ranging from 15 meters down to 1 or 2 meters. 

b, Military Research. In the Signal Corps, ex- 


perimentation with short wavelengths began as 


early as in any other agency, and by 1936 a radar 
system capable of detecting echoes from commer- 
cial aircraft had been developed in the Signal 
Corps Laboratories at Fort Monmouth, N. J. In 
February 1937, a successful radar was demon- 
strated to Admiral William D. Leahy, then Chief 
of Naval Operations, by personnel of the Naval 
Research Laboratory. This radar, operating on a 
wavelength of about 114 meters, was considerably 


improved during the following months, and in 


1938 was installed on the U. 8. S. New York for 
sea tests. In May 1987, a successful demonstra- 
tion in detecting approaching bombers was con- 
ducted at Fort Monmouth for the Secretary of 


War and members of Congress. For experimental _ 


communications between surface stations and air- 
craft, frequencies above 30 mc had been used with 
- moderate success for some time. For various tech- 
nital reasons, both Army and Navy research was 


concentrated on the use of shorter wavelengths. 


It is interesting to note that, although later radar 
developments extended to wavelengths as short 
as 1 centimeter, the Signal Corps radar which 
made the first radar contact with the moon on 


10 January 1946, used a wavelength of about 2.9 


meters. The antenna for this radar is shown in 
figure 1. | oo 

¢. Commercial Developments. The research 
done by the large communications companies in 


the frequency region above 30 mc was devoted 


principally to developing components and equip- 
ments for communication and some navigation — 
and direction-finding devices, particularly for air- 
craft. A great many experiments were also car- 
ried out to determine the reliable range and other 
characteristics: of. communication on frequencies 
above 30 mc. The essential line-of-sight nature 
of propagation at these frequencies was apparent 
almost from the start, but much more has been 
learned about the effects of weather and terrain, 
maximum power requirements, and similar in- 


- formation. Research in radar also was conducted 


intensively by the laboratories of the large com- 
munications companies, partly under contract with — 
various government agencies, and partly inde- 
pendently. Much of this research was devoted 
to developing equipment that could be produced 
in large quantities for the Armed Services. The 
needs of the services fell roughly into two general 
categories—communication equipment and radar. 


‘The essential difference between the developments 


for communications purposes and those for radar 
is the greater power output required during the 
transmission of the radar pulse. Tubes and other 
components capable of handling large amounts of 
power for small fractions of a second were needed 
in radar transmitters, and there was also great 


. need for compact, lightweight, portable equipment 


for field troops, surface vehicles, and aircraft. 
These considerations also encouraged the trend 
toward the shorter wavelengths wherever their 
propagation characteristics permitted. — 

d. Broadcasting on VHF. In addition to the 


development of communications equipment, two — 


other commercial radio services were moving 
rapidly into the frequency region above 30 me. 
These developments were f-m (frequency-modula- 
tion) and television. Nothing in the basic nature 
of either of these systems prevents its operation 
at lower frequencies than 30 mc. However, the 
bandwidth required, the congestion in the lower 
frequency channels, and the geographical area to. 
be covered have resulted in the assignment of 
this frequency band to the broadcasting services. — 
In general, the areas to be covered are the principal 
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cities and the heavily populated districts around 
them, up to an extreme radius of 60 to 80 miles. 
Such areas can be covered by broadcasting serv- 
ices operating in this frequency band. The field 
strength necessary at the receiving point for such 
entertainment broadcasting service is from 10 to 
100 times greater than that required for adequate 


radio communications service. Development and 
expansion of f-m and television broadcasting 
added another incentive to the development. of 
- components and circuits for use in the 30- to 
1,000-me band, because of the need for adequate 
transmitter power and relatively good-quality re- 
ceiving equipment that could be mass-produced 
at moderate cost. : 

—e@. More Recent Developments. Much of the 
actual pesca done during World War II still is 





regarded as santiclential, “put it can be said gen- 

erally that steady progress has been made in re- 
fining and improving components, circuits, and 
techniques for use in the 380- to 1000-me frequency 
region, both for commercial and military pur- 
poses. Many large-scale radio communications 
services now are operating on a continuous basis 
in this frequency band, and the higher frequencies — 
extending from 1,000 to at least 30,000 me are_ 
widely used also. Frequencies for hese services 
have been assigned by the Federal Communica- 
tions Commission, as shown in table I. This table 
lists only the general class of service in which the — 
assigned frequency band is to be used. A com- 
plete listing of the various subdivisions of each 
general class would require an excessive amount 
of space. | a | | 


Table I. Commercial and Military Frequencies Assigned by 1 FCC 





~ Frequency band in mega- 





cycles General class of service . 7 Types of ahi oie 
30.00 to 30.56_____-- Fixed and mobile___________ of 3) U.S. Ca ane nado stations. 
30.56 to oF: ee za exe IONE ar Sonic cs Sh Special industrial, truck and bus, urban transit, and forests 
| | | | conservation communication systems. 
32.00 to 33. 00.. DEseaed Fixed and mobile___.______- eee U. 8. Government radio stations. 
33.00 to 34.00__.___=| Land mobile___-_222_~2_ Highway maintenance, fire departments, petroleum com- 
| | panies, low-power industrial systems. 
84.00 to 35.00__-_ --- Fixed and mobile_________._._.__| U. 8. Government radio stations. | 
| 35.00 to 36.00______- Land and maritime mobile_____.__| Low-power industrial, maritime-mobile, automobile, high- 
_ way-truck, telephone-company vehicles. 7 
_ 36.00 to 37.00____--- Fixed and mobile__-_-_-_- ese U. S. Government radio stations. . 
37.00 to 38.00_-____- Land mobile_-__.-_-_-_-__.-___- Police departments, power companies, highway aditenante , 
: | | | 3 departments. | 
— 38.00 to 39.00____-__| Fixed and mobile_____-__________-_ U. 8. Government radio oh Gris: 
39.00 to 40.00_____-_- Land mobile____________________ Police departments. | 
40.00 to 42. 00 St Seine Fixed and mobile.___________.___| U. 8. Government radio. stations. Industrial, scientific, and : 
7 | medical apparatus. 
42.00 to 50.00...-.--| Land TOD Os et es td Ste Police, fire, highway departments, urban and eerie bus 
| oot eS systems, petroleum, telephone, and power companies. 
50.00 to 54.00__----- AWGCUN SoU oe seen tet tease Licensed amateur radio stations. | 
54.00 to 72.00__----- Broadecasting__._._.-.._-.-------] Television stations, channels 2, 3, and 4, 
72.00 to 76.00___---- Fixed, and air navigation beacons__| Airfield and airways marker beacons, private systems not 
| open to public correspondence. 
76.00 to 88.00__----- Broadcasting____...-.----------- Television broadcasting channels 5 and 6. 
88.00 to 108.00____-- Broadcasting____...._...--------| Frequency-modulation broadcasting stations. 
108.00 to 118.00...__| Air navigation aids......._....__| Radio-beacons and other radio aids to air navigation. 
118.00 to 132.00___-- Aircraft mobile__.__-- ~~~ seekeies Airport control, emergency, private aircraft, flight test, and 
| | | utilit “A | 
132.00 to 144.00 -_-- Fixed and mobile___ ~____________] U.S. eae vadid stations. 
144.00 to 148.00__-._,; Amateur. ______..-------------- Licensed amateur radio stations. : 
148.00 to 152.00_.__- | Fixed and mobile_.__._________-- U. 8. Government radio stations. | : 
152.00 to 162.00-_---- Land and maritime mobile__-_____- Same general classes of stations as 35.00 to 36. 00- MC band. 
162.00 to 174.00_---- Fixed and mobile__________._____] U. S. Government-radio stations. 
_ 174.00 to 216.00---- - Broadcasting. .___......---.--_-- Television broadcasting, channels 7 to 13, inclusive. 
216.00 to 220.00_-_-_-- Fixed and mobile_______________- U. S. Government radio stations. 
_ 220.00 to 225.00._-.-_) Amateur. _-_.---.-------------- Licensed amateur radio stations. 
225.00 to 328.60____- Fixed and mobile_______..-_______ U. S. Government radio stations. 


| Table f, Commercial and Military Frequencies Assigned by FCO—Continued 








“Frequency band in mega- 


_ General class of service Types of stations . 














oes 
328.60 to 335.40_____ | Radio aids to air navigation _____- Glide-path radio transmitters. 
335.40 to 400.00_-__- ‘Fixed and mobile.___--_2-._------ U. 8. Government radio stations. 
400.00 to 406.00____- | Radio aids to meteorology_______- Radiosonde equipment. 
406.00 to 420.00____- Fixed and mobile____-_-_------- _| U.S. Government radio stations. 
420.00 to 450.00.____| Amateur__.__._________________] Licensed amateur radio stations. 
450.00 to 460/00..23. |; uand mobiles 2225 g2ee- k= ee ee Industrial plants, forest conservation, taxicab, highway 
| | | | : 3 maintenance, railway, police, emergency, and broadcasting 
OP ; station remote pick-up. | 
460.00 to 470.00_____| Land fixed and. mobile. hee te ) Citizens radio equipment. 
470.00 to 890.00___._| Broadeasting-___- eh a Seated eS se Television broadcasting stations. 
890.00 to 940.00_____ Broadcasting and fixed, I. 8. M___; Developmental broadcasting and fixed private systems; | 
industrial, scientific, and medical equipment. ‘ 
940.00 to 952.00____- Fixed ___- pepe teense F-M broadeasting studio-to-transmitter link. 
052.00 t0'960.00< <2) Fikeds 2 c8 nec 2 Uo ee Fixed stations used for remote control purposes. 


960.00 to 1215.0___-_| Radio aids to air navigation. ___..| U.S. Government and other radio aids to navigation. 





the behavior of radio waves in this frequency 
range, and the reasons for the differences. 


4. Scope of Manual! 


‘ The information, covered in this manual is ar- 
ranged in a sequence that will make study and 
understanding relatively easy for personnel fa- 
miliar with fundamental radio theory and_prac- 
tice. New information pertaining to the higher- 
frequency range, presented in chapters 1 through 
5, must be understood before its applications in 
practical circuits can be studied effectively. 

a. Only two basically new ideas are involved in 
considering the 80- to 1,000-me frequency band, 
as compared with radio phenomena at lower fre- 
- quencies. 

(1) At 30 me and above, radio waves propa- 
gated through the atmosphere are not 
effectively returned to the surface of the 
earth by the ionosphere under usual con- 

ditions. This limits the effective range 

of radio communication in this frequency 
band to points on the surface of the earth 
not far beyond the optical horizon, as 
seen from the transmitting antenna. 

(2) As the frequency is increased through 
the 80- to 1,000-me range, the physical 
length of radio waves becomes more and 

-more closely comparable to the physical 

size of common objects, particularly the 

component parts of ee rade equip- 
ment. 


b. The detailed material in the alinp tes that . 


follow is arranged in sequence, beginning with in- 
formation on the fundamental differences between 





(1) The distributed properties of inductance, 
capacitance, and resistance associated. 
with any conductor are discussed first, 
because their effects must be understood 
before the action of radio circuits at these 
frequencies can be comprehended. In — 
particular, this manual discusses the ef- 
fects of the distributed properties of in- 
ductance, capacitance, and resistance in 
the connecting leads used in radio cir- 
cuits, and in sections of transmission lines. 
These effects are the principal reason for — 
the physical differences between equip- 
ment operating In this frequency range 
and the more familiar circuits used at 
lower frequencies. 

(2) It also is necessary to understand the 
changes that occur in the behavior of | 
lumped-property components, such as in- | 
ductors, capacitors, resistors, and vacuum 
tubes, when they are operated in the 30- 
to 1,000-me region. The differences in 
design of components meant for opera- 
tion in this frequency band are compared 
with the more familiar lower-frequency 
components. 

(3) In considering the design and perform- 2 
ance of practical circuits utilizing the 
principles and components mentioned 
above, emphasis is placed on the differ- 
ences made necessary by much shorter 


wavelengths. ‘The underlying reasons 
are shown for special physical configura- 
tions of circuit elements necessary for 
efficiency and stability. 

(4) For practical use of radio- frequency 
energy for communication, radar, or 
other purposes, it must be anderatood 

that the propagation of radio waves 
through the atmosphere is very different 

‘in the 380- to 1,000-mc band from propa- 
gation at lower frequencies, and the dif- 
ferences are extremely important. ‘The 
physical causes for the differences are 
explained, and consideration is given to 
antennas for transmitting and receiving. 

c. In an effort to prevent misconceptions, cer- 
tain terms have been decided upon which may not 
~ agree with the generally accepted use of the word 
or phrase in other radio literature. An example 
of such a term is use of property instead of the 
more generally used constant, when discussing in- 
_.ductance, capacitance, and resistance, particularly 
as they exist distributed along conductors (par. 
7a). This is to.avoid the suggestion of fixed, un- 
varying values of effective inductance, capaci- 
tance, and resistance, which is implied by the word 
- constant, as used in many technical books. The 
effective values of these electrical properties do 
change somewhat with frequency, although the 
rate of change usually is small, and often can be 
neglected over a considerable frequency range. 
At frequencies in the 30- to 1,000-mec range, how- 
ever, the change in these properties with fre- 
quency cannot be neglected. 

5. Summary 

a. The uhf band covers the frequency range 
from 300 to 8,000 me. 
_ 6, The range of frequencies from 30 to 1,000 me 
covers portions of the vhf and uhf bands. 

C. The 30- to 1,000-me band of frequencies was 
developed because of its relative freedom from 
congestion, the wider frequency bands required 
by fm and other equipments, and the excellent 
reflection qualities of the shorter wavelengths. 

d. The frequency of 30 mc was chosen as the 
lower limit of the frequency band covered in this 
text because it is the upper limit for radio signals 
that can be returned effectively to the surface of 
the earth by the ionosphere. 

e. The upper limit of 1,000 me was chosen be- 
cause it is about the highest limit at which coaxial 
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or parallel- ‘conductor transmission lines are prac- 
tical. | 

di Propagation of the shorter waves is limited to 
line of sight as seen from the transmitting antenna. — 

g. Radio, light, and heat waves are electro- 
magnetic in nature and can be reflected. from ob- 
jects. 

h. An object must be a reasonable fraction of a 
wavelength in one dimension (\4_ to 44) to reflect 
radio waves effectively. 

i. Objects of one or more electrical half-wave- 
lengths reflect best if other factors are equal. 

4. The shorter the wavelength, the smaller the 
object that can reflect radio waves effectively. 

k. Most radar equipment uses wavelengths 
much shorter than 5 meters, ranging down to 1 
centimeter or less. 

7, Antennas used on higher frequencies de- | 


‘creased in physical size as frequency increases. 


m. At the higher frequencies it is possible to 
construct relatively small antennas, capable of 
concentrating the radiated waves into a uae 
narrow beam. 

n. This aids communication in the desired direc- 


tion and reduces interference to other stations J in 


other directions. 

o. The original experiments that demonstrated 
that radio waves were a physical reality’ were 
made at frequencies near 100 me. 


6. Review Questions 


a. Is the lower limit of the 30- to 1,000-me band 
an abrupt dividing line? Explain. 

6b. What is meant by the optical horizon? 

c. Does the ionosphere return radio waves to the 
earth at 500 mc? 

d. What area will the shorter wavelonguie seo 
30.me cover ¢ | 
é. What is meant by reflection of radio waves? 

f.. Would a wavelength of 14 meter reflect from 
a car or an airplane more readily than one of 10 
meters? Explain. 

g. What is the range of frequencies used for | 
radar equipment? 

h. What is the relationship between wavelength 
and physical size for antennas? 

i. What effect does beaming an antenna have on 
communication 

}. At what frequency was the radar see area | 
that first made contact with the moon? 


CHAPTER 2 
- DISTRIBUTED PROPERTIES—CIRCUIT ELEMENTS 





7. Introduction 


a. Definition. Distributed properties may be 


defined as the inductance, capacitance, and resist- 
ance uniformly spread along each unit length of 
any circuit element or conducting linkage, plus 
the inductance, capacitance, and resistance exist- 
ing from each conductor to ground and to other 
objects. For example, a 14-inch rod of pure cop- 
‘per, 4 inches long, placed in free space where no 
outside influence could act upon it, would be found 
to possess small but definite values of inductance, 
capacitance, and resistance. If the conductor 
were cut in two, each part would possess exactly 
- half the values previously found. In other words, 
the distributed properties are uniform as long as 
the conductor itself remains uniform in cross-sec- 
tional size, shape, and conductivity, and where no 
external influences exist. If the conductor is not 
- uniform, the distributed properties still exist, but 
their distribution is not uniform. When a con- 
ductor is placed in an actual circuit, it possesses 
these self-contained distributed properties and 
may or may not possess additional distributed 
properties caused by its proximity to ground and 
to other conductors in the circuit. 
properties exist in al? conductors and conducting 
surfaces, even in the leads and other parts of the 


conventional lumped-property circuit. elements, 


which are manufactured to provide definite, easy- 
to-use amounts of the properties. When used in 
practical circuits at 30 mc and higher, however, the 
distributed properties of inductance, capacitance, 
and resistance in a given conductor actually are 
not fixed amounts or constants, but slowly change 


in value as the frequency changes. The term dis- 
tributed properties therefore is used throughout — 


this manual in preference to the term distributed 
- constants, although many textbooks use the latter. 

b. Cause. At frequencies below 30 mc it is prac- 
ticable to ignore distributed, or stray, circuit 
properties, except in circuits such as resonant sec- 





Distributed | 


tions of transmission lines or antennas. In and 
above the 30- to 1,000-mc frequency range, the— 


effects of distributed properties upon practical 


circuits can no longer be neglected, because of the 
relationship between the physical size of the cir- 
cuit components and connections and the wave- 
lengths. At 8 me, for instance, one wavelength 
is 100 meters long, in comparison with which a 
6-inch length of wire is very short. When the 
wavelengths become relatively short, as the fre- 
quency increases, it becomes physically impossible 
to scale down the parts of the electronic circuit 
and keep them small in relationship to wavelength. 
Even where such a size reduction is possible, the 
power-handling ability of the circuit is reduced — 
in proportion. Asa result, much of the usefulness 
of the device is lost. | . 

c. Importance. When the operating frequency 


- increases, the various losses that lower circuit effi- 
-clency increase, making it desirable to use circuit 
arrangements and elements which have lower 


built-in losses. It has so far been found impossible 
to construct lumped-property elements that are 
pure and do not contain small distributed values 
of the other two properties. As the working fre- 
quency is increased, the effects of the unwanted 
distributed properties cause increased losses, with 
the result that the efficiency drops. In circuits 
having distributed properties, losses are lower 
than in the same circuits constructed of lumped- 
property elements, because it is possible to use con- 
ductors of proper size and shape to minimize r-f 
resistance and the dielectric is usually air. The 
result is that better circuit stability and efficiency 
are achieved by using the distributed properties. 


8. Distributed Inductance 


a. General. The term distributed inductance 
refers to the self-inductance distributed along the 
length of any sort of conductor, whether or not — 
it is meant to act as an inductor. Inductance is 
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defined as the property of a conductor that tends 


to oppose any change of electron flow through the 


conductor. Inductance reveals itself only when 
current (electron flow) is varying in the conduc- 
tor; a back emf (electromotive force) is induced 


~ in a direction which tends to oppose the change 


in current flow. Figure 5 shows a cross-sectional 
view of a piece of straight wire carrying a:. 
alternating current. 
into parts 1, 2, and 3 and assuming that the parts 
carry exactly equal quantities of current, the ac- 
_ tion is stopped at an instant when the current in 
the conductor is increasing in the direction indi- 
cated. The magnetic field about the conductor 1 is 
expanding or moving outward and is made up of 
flux lines contributed by parts 1, 2, and 3. Since 
the lines of force created by current in 1 move 
outward, they must cut the conductor at both 2 and 
3. The result is the same as that when any con- 
- ductor is cut by lines of force; a back emf is in- 
_ duced that tends to oppose the increase in current. 
_ An instant later, when the current passes maxi- 
mum and bea to decrease, the field starts to 
collapse. 


_ tends to oppose the decrease in current. It is ap- 
parent that even a very short section of straight 
wire possesses self-inductance. The conductor 
does not have to be wire, however; it can be any 
conductor, any shape or size. This is the under- 
lying physical reason for the definite value of in- 
ductance which is present wherever a varying 
electric current flows. The actual amount of self- 

inductance is usually small, but its effect becomes 

- Important at frequencies above 30 mc. The effect 


may be desirable or unwanted but it cannot be 


ignored. A complex equation is used to find the 
actual value of self-inductance, but the fact of 
importance here is that the value depends directly 
on the number of flux lines surrounding the con- 
ductor. Note that more flux lines surround 1, the 
center of the conductor, than either 2 or 3, and chit 
3, the outside, is surrounded hy the least amount 


of flux. Self-inductance is highest at the center 


of any conductor carrying a-c (alternating cur- 
rent) and tapers off toward the outside surface; 
this is the cause of skin effect. Distributed induc- 
tance usually has a higher Q ratio of reactance to 


resistance than a lumped-property inductor be-| 


cause the capacitance associated with a conven- 
_ tional coil is much lower. 


10” 


Dividing the cross section — 





Again, flux lines from 1 cut 2 and 3, © 
inducing an emf in the opposite direction which 
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Magnetic field about straight conductor 
carrying a- *€ current. 


Figure 5. 


b, Undesirable Effects. The property of dis- 


’ tributed inductance can cause serious r-f losses if 


leads and connecting linkages are not kept as — 
short as possible. Figure 6 demonstrates how this 
loss takes place. The plate tank circuit, A, is de- 
signed to operate ata frequency of 4 mc with a Q. 
of 15. The lumped- property inductor is con- 
nected to the tube plate by a 4-inch length of #20 
wire having a self-inductance of approximately .1 
wh (microhenry). Ignoring loading and other 


factors, calculation shows that the resistive 1m- 


pedance offered by the tank circuit at resonance 
is 4,710 ohms, whereas the inductive reactance 
(X;—2 fl) of the connecting wire is ap- 
proximately 2 ohms, and is so small in proportion 
to 4,710 ohms that it can be neglected at this low 
freq ucner, When the operating frequency is — 
raised to 100 me, the inductance of the tank coil 
must be reduced to resonate at the higher fre- 
quency, B. At 100 me, the self-inductance has. 
decreased slightly and, if the tube-plate lead re- 


mains 4 inches long, its inductive reactance is — 


59.6 ohms. The resistive impedance of the tank 
circuit is still 4,710 ohms at resonance and, there- | 
fore, a voltage-divider effect occurs, which pre- | 
vents the entire r-f signal output of the tube from 


being impressed across the tank circuit and re- 


sults in a loss of gain. In addition, the introduc- 
tion of an inductive component causes a phase lag 
which is undesirable in certain applications. At 
higher frequencies, the effect becomes even more 
pronounced, introducing larger losses. Zhe 


smallest amounts of distributed inductance asso- 
ciated with the shortest possible leads, such as tube 
pins, cannot be neglected at frequencies above 30 


mc. The tank circuit inductance must be made | 


_ smaller as the frequency is increased, but tube pins 
and other current-carrying leads cannot be re- 
duced 1 in the same proportion. _ 


c. Desirable Effects. In certain cireuits, a 
condition of series or parallel resonance is desired 
and the property of distributed inductance, dis- 
tributed capacitance, or a combination of both, 
may be used to achieve this. For example, to pro- 
vide a bypass for signal voltages from the low- 
impedance end of an i-f tank circuit back to the 
cathode of the tube, a series-resonant circuit of- 
fers the lowest impedance path (Z=R). When 
the i-f frequency is above 30 me, it is possible to 


get the effect of series resonance by cutting the 


leads of a lumped- property capacitor to lengths 
which offer the necessary series inductance. This 
is shown in A and B of figure 7. Note that the 
capacitance is lumped, but the inductance is the 
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Figure 6. Effect of distributed inductance at higher 
. frequencies. 
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distributed inductance of the capacitor leads. 
However, the signal voltage sees a certain value 
of each property, regardless of whether the prop- 
erties are lumped, Pisa Dieta or any combination — 


thereof. 


d. Inductive CO oupling. When a sone actor or a 
wire carrying alternating current runs sufficiently 
close to another conductor, its magnetic field in- 
duces an electromotive force in the second con- 
ductor which causes a current to flow. This is the 
effect of mutual inductance. 
inductance and coupling at lower frequencies usu- 
ally is restricted to coils and transformers, but 
above 30 mc the effect of coupling between two 
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Figure %. Series resonance lumped capacitance and 
distributive inductance. 
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The study of mutual 





conductors, even two straight pieces of wire, be- 
-comesimportant. Thisis true because the amount 
of coupling or mutual reactance between two in- 
ductors increases as the frequency is increased 1f 
the physical relationship remains the same. 


Transferring energy from one circuit to another 


is achieved by means of mutual inductance in the 
30- to 1,000-me range, but distributed inductances 


seldom are used. Even when coupling to resonant | 


line sections, the coupling link generally is small 
enough to be considered a lumped inductor and the 
coupling effect is not distributed along the whole 
line section but appears at a high-current, low-im- 
pedance point. Some effects of coupling between 
distributed inductances are undesirable. For in- 


stance, if the grid and plate leads of a single-tube | 


amplifier stage are permitted to run close to each 
other, signal energy from the plate circuit may be 
coupled back to the grid, causing either regenera- 
tion or degeneration. Distributed capacitance 
also will be present, but only the inductive coup- 
ling effect is considered at this time. As another 
example, a current-carrying wire may be too near 
a tube shield, inducing an emf that causes current 
to flow in the shield. This current flow through 
‘the shield resistance is an I?R power loss which can 
be supplied only from the current-carrying wire. 
When inductive coupling causes circuit unbalance 
or power loss, it usually is spoken of as stray coup- 
ling. ‘The amount or degree of coupling depends 
directly on the relative positions of the conductors 
as well as their distance from each other. Figure 
8 shows the effect of physical position on the degree 
of coupling. In A, the coupling is loose, since the 
leads are crossing at a 90° angle, and the least 


mutual inductance results. The coupling between — 
the wires in B and C increases because of the | 


ereater amount of mutual inductance. Practical 
circuits are laid out with the shortest possible 
leads, well separated from each other and distant 
from the chassis and shields. If two wires must 
cross, they should cross at right angles, because in 
this manner the smallest mutual inductance re- 
sults. 


9. Distributed Capacitance 


a» General. The term distributed capacitance 
refers to the capacitance between any point on a 
conductor and all surrounding objects. Capaci- 
tance exists between any two points which are or 
can be at different electrical potentials. This is 
true whether the points of different potential are 
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Figure 8. Coupling effects at higher frequencies. 


mn different conductors or in the same conductor. 
Although the self-capacitance of a conductor is of 
relatively little importance, except in special cir- 
cuits, the effect of the capacitance between two 
conductors must be taken into consideration at 
frequencies above 80 mc. This is because of the 
distributed capacitance that exists between the 
parts of lumped-property circuit elements and the 
electrodes of vacuum tubes, as well as between 
leads and switch contacts. The actual value of 
distributed capacitance changes only slightly with 
frequency, but the reactance changes greatly. The 
formula for capacitive reactance, 


wae 
aX oO? 
shows:that, if the value of capacitance remains the 
same, increasing the frequency causes the capaci- 
tive reactance to decrease.. Therefore, a small 
value of distributed capacitance at the lower fre- 
quencies will offer a high reactance to the fiow of 
_a-c, but at a frequency above 30 mc it will offer 
a lower reactance. ‘This effect often is undesir- 
able when it occurs accidently between two con- 
ductors in a circuit, but may be used deliberately 
to achieve series or parallel resonance in resonant 
line sections. The losses in distributed capaci- 
tance are lower than those in lumped capacitors 
because the dielectric is usually air, rather than a 
solid, and because the r-f resistance and distrib- 
uted inductance values are smaller. 

b. Undesirable Effects. An example of the 
manner in which distributed capacitance may 
upset the proper operation of a circuit is shown 
in figure 9. Assume that Cz represents a distrib- 
uted, or stray, capacitance of 1 puf (micromicro- 
farad) appearing between ground and the lead 


from the coupling capacitor to the grid of tube | 


_V,. The stray capacitance, Ca, effectively shunts 
the 5,000-ohm grid impedance, Z,. If an r-f sig- 
nal voltage at a frequency of 2 me is traveling 
from the tank circuit of V, to the grid of V2, the 
1-puf distributed capacitance offers a capacitive 
reactance of 79,618 ohms to the signal. This value 
is so high in relation to Z, that its effect 1s negli- 
gible at this and similar low frequencies. If, 
however, a 100-mc signal voltage 1s coming from 
~ the tank circuit of V,, the same 1-pyf stray capaci- 
tance offers only 1,592 ohms of capacitive reac- 
tance. Now, the signal voltage sees a relatively 
low-impedance path across the stray capacitance, 
offering less than one-third the opposition of the 


erid impedance, Z, Therefore, more than two- _ 
thirds of the signal voltage is shunted across this 

path and lost. If the frequency of the signal. 

voltage is increased to 400 me, the reactance drops 
to 398 ohms, and only a very small amount of the 
signal voltage reaches the grid impedance. In 
many circuits, Z, will be a tuned L-C (inductance-. 
capacitance) combination and the grid-cathode 
capacitance of V, as well as of (a are shunted 
acrossit. The effect of this additional capacitance 
is to change the resonant frequency of the tuned 
grid circuit. It may be possible to retune the cir- 
cult with the variable capacitor but, if this cannot 


be done, the only way to achieve resonance is by - 


reducing the lumped inductance, which changes 
the L-C ratio and the Q. The value of distributed 
capacitance between any two conductors depends 
on the effective area of the surfaces, the spacing 


between them, and the potential difference. To 


keep the stray capacitance at a minimum, the cir- 
cuit wiring is kept well spaced, with short leads 
which run at right angles to each other whenever 
possible. | 
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Effect of distributed capacitance at higher 
frequencies. 


Figure 9. 


c. Desirable Effects. For certain applications, 
such as i-f amplification, a parallel L-C circuit, 
resonant at a single frequency, is useful. An 
inexpensive and simple way of achieving this is 
to wind a coil in such a manner that, the total dis- | 
tributed capacitance is used to make the coil self- 
resonant at the desired frequency. Where the 
intermediate frequency falls in the 30- to 1,000- 
mec range, this is done easily, and coils of this 
type are found in some radar receivers wherein 
the intermediate frequency may be over 200 me. 
A of figure 10 shows the distributed capacitance 
which exists because of the difference of potential 
between adjacent turns of any coil. The sum of 
these small values is shown in B as an effective 
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ratio. 





value of capacitance in shunt with the lumped in- 
-ductance of the coil. Although most inductors 
are wound to minimize the distributed capaci- 
tance, it is possible to design one that offers the 
necessary capacitance to provide a desired L-C 
In addition, the Q of the circuit will be 
higher because of the higher L-C ratio of the 
coil. Therefore, the response of the tuned cir- 


cuit is sharper than it could be with lumped- | 


property elements. 









\l 
71 





mn ah os om om oe on 


EQUIVALENT 
CIRCUIT 





B 


TM 667-206 


lumped inductance 


Figure 10. Paratlel resonance ; 
and distributed capacitance. 


10. Distributed Resistance 


a. General, The term distributed resistance 
_ seldom is used, since it is necessary to distinguish 
between the resistance offered to d-c (direct. cur- 
rent) and low-frequency a-c and the resistance 
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-— surface. 
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offered to r-f currents at the higher frequencies. 
D-c resistance exists in al/ conductors, depending | 
on the conductivity of the metal or alloy used. It 
is distributed uniformly along conductors that 
are uniform in cross-sectional area, shape, and 
conductivity. R-f resistance, however, is caused 
by d-c resistance plus the effect of self-inductance, 
which is greater at the center of a conductor than 
at the surface. At the lower frequencies, this self- 
inductance has little effect on the flow of current, 
since the values of inductive reactance involved 
are extremely small. As the operating fre- 
quency is increased, the inductive reactance at the 
center of the conductor becomes higher and the 
current seeks the lower-reactance path toward the 
surface, resulting in a current distribution that is 
not uniform. Figure 11 illustrates this tendency 
of the current to flow on or near the surface of a 
conductor, which is called skin effect. When d-c 
flows through the conductor, as in A, the current 
flows through the entire cross-sectional area. 
A-c of medium frequencies cause current to flow in 
the outer edges of the conductor asin B. As the © 
frequency increases, as in C, less current flows in 
the center of the conductor and more flows on the 
The result is that more current is forced. 
through less conductor, with higher losses and 
more heating. Since the center of the conductor 
is not carrying current, the effect. is the same as 
using a smaller conductor. The r-f resistance at 
frequencies above 30 mc can amount to several 
times the d-c resistance of the same conductor. | 

b. Minimizing Skin Effect and R-F Resistance. 
Skin effect takes place regardless of the shape of | 
the conductor, but it causes less r-f resistance in 
conductors having rectangular cross sections than 
in those that are circular, like common wire. Flat 
copper strip sometimes is used, but it is more ex- 


pensive and not easy to work Another means. 


of reducing skin effect is the use of hollow or tubu- 
lar conductors. Since all parts of the tubular con- 


ductor are affected nearly alike by the magnetic 
field, a good current distribution results. 
draht wire is made up of many strands of very 


Litzen- 


fine enameled wire woven together. The current 
is divided among the strands and the skin effect 
on any single conductor is extremely small. Litz 
wire, as it is. commonly called, is comparatively 
expensive, hlowever, and is not widely used. Prob- 


ably the best method of avoiding losses from r-f 
— resistance. 


is by silver-plating the conductors. 
The depth to which the current flow will pene- 








Figure 11. Skin effect. 


trate at a certain frequency is calculated, after 
which a silver plating of this thickness is applied 
to a correspondingly smaller conductor. Notice 
that this does not eliminate skin effect, but takes 
advantage of it. When the plated conductor car- 
ries r-f, skin effect takes place as usual. Now, 
however, the current is flowing in silver, which 
has less d-c resistance than ordinary conductors: 
therefore, the r-f resistance is reduced consid- 
erably. In practice, plating is expensive and the 
most common means of reducing r-f resistance is 
to use a hollow conductor or one of larger diam- 
eter. Again, this does not eliminate skin effect. 
~The depth to which the current penetrates is af- 
fected only by the frequency and the conductor 
material; consequently, when the diameter is in- 
creased, the current layer has the same thickness, 
but more cross-sectional area in which to flow. 
This reduces the effective r-f resistance. _ 

c. Undesirable Effects. R-f resistance intro- 
duces losses in the same manner as d-c resistance, 





the effects of which are heating and attenuation. 
The Josses resulting from r-f resistance are en-— 
tirely separate from the losses from self-induc- 
tance, even though self-induction causes skin’ 
effect. If the r-f resistance is permitted to become 
two or three times the d-c resistance, the results 
can be serious in circuits where very small r-f 
currents are involved. For example, the d-c re-_ 
sistance of a 4-inch length of No. 20 copper wire . 
is approximately .003 ohm, which offers negligible 
opposition to the flow of a current as small as 1 
ma (milliampere). However, if the current is an 
r-f current at a frequency which causes the r-f 
resistance to become three times the d-c value, the 
same plece of wire limits the current to 14 ma 
(l=F/F). Thus two-thirds, or over 60 percent 
of the current is lost. because of skin effect. If 
the same current (1 ma) is forced through three 


-times the resistance, the power loss is three times 


as great (P=/?R). Both types of loss are serious 
and must be taken into consideration. The sim- 
plest method of reducing skin effect 1s by means 


of a smaller sized conductor, because less cross-_ 


sectional area is left unused; this cannot always 
be done if power-handling capacity is important. 
In practice, designers attempt to use a wire size 
sufficiently small that the r-f resistance is no more 
than 1.01 times the d-c resistance (R/R is called 


the resestance ratio) at the operating frequency. _ 


d. Desirable Effects. In certain circuits, it is 
necessary to add resistance to accomplish a definite 
purpose. For instance, A of figure 12, shows the 
curve of frequency response plotted against Fy, 
the input voltage to the grid of the tube, for a 
tuned i-f circuit having a reasonably high Q. 
The curve shows that the circuit passes a narrow . 
band of frequencies near resonance. However, for 
accurate reproduction of high-fidelity audio fre- ° 
quencies modulating the carrier, this response is 
too narrow, and the high and low audio frequen- 
cies are cut off. One means of making the circuit 
respond to a wider range of frequencies (droad- 
banding) is to introduce additional r-f resistance 
into the LC combination. This may be accom- 
plished either by adding a lumped resistor or by 
deliberately designing the inductor so that the 
proper amount of skin effect will occur at the i-f 
frequency. Whichever method is used, the result 
is that Q is reduced by the extra loss and the band- 
pass characteristic is broadened, as shown in B 
of figure 12. 
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Figure 12. Effect of adding r-f resistance to a series- 
| | resonant circuit. 
11. Summary 


a. All conductors possess distributed properties 
that are important in the frequency range above 
30 me. 

6. Distributed inductance, capacitance, and -re- 
sistance are spread out uniformly in all the con- 
ductors of a circuit and they may or may not pos- 
- sess additional distributed properties caused by 
nearness to ground and to other conducting 
‘surfaces. 

c. The actual values of distributed inductance, 
capacitance, and resistance in a given conductor 
slowly change as the frequency changes. 

d. The losses in circuit elements increase as the 
frequency is raised. | 

e. Circuits employing ibid! -property 
elements usually attain better efficiency and stabil- 
ity than those using lumped-property elements 
because losses can be kept lower. 

7. Distributed inductance is the self-inductance 
distributed along the length of any conductor, 
which tends to oppose any change in a varying 
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electron flow through the conductor. This is true 
regardless of the shape of the conductor. 

g. The self-inductance is greatest at the point 
encircled by the greatest number of flux lines (the 
center, in the case of a common wire). This 1 is the 
cause. of skin effect. 

h. The inductive reactance of a small value of 
self-inductance may become large at frequencies 
above 30 me. This inductive reactance can cause 
a sizable voltage drop which reduces the value of 
the r-f or signal voltage. 

t. For this reason, the distributed inductance of 
even the shortest possible leads, such as tube pins, 
cannot be neglected 3 in the operating range above 
30 mc. 

j. Where a condition of series or parallel: reso- 
nance is desirable, the property of distributed in- 
ductance may conveniently be used, with either 
lumped or distributed capacitance. 

k. The mutual inductance between any two con- 
ductors coupled by their magnetic fields becomes 
important in the frequency range above 380 mc — 
because the amount of coupling increases as the 
frequency 1s increased. | 

1. Losses may be caused by accidental eiapling 
between leads that run too close together or be- 
tween a lead and a tube shield or chassis ground. 
The degree of stray coupling depends on the rela- 
tive physical positions of the wires and is greatest 
when they are parallel and close together. 

m. Practical circuits should have the shortest 
possible leads, well separated and distant from 
the chassis and surrounding objects. 

n. Distributed capacitance is that capacitance 
between any point on a conductor and all other | 
points, including those on the same conductor. 
Of chief importance is the distributed capacitance 
between two conductors, which may be two leads, 
the elements of a vacuum tube, or even parts of 
a lumped-property circuit element. 

o. Since the value of capacitive reactance de- 
creases as the frequency is increased, at some 
sufficiently high frequency a small value of dis- 
tributed capacitance offers a very low reactance 
to the fiow of current. 

p. The value of distributed capacitance between 
two conductors depends on the effective area of 


the surfaces, the dielectric, and the spacing. 


g. Lo minimize stray capacitance, the circuit 
wiring should consist of short leads well spaced’ 


and crossing at right angles wherever possible. 
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r. Lumped-property inductors may be wound to 
provide a definite distributed capacitance between 
the turns, which acts like a single capacitor in 
shunt with the coil and gives the necessary LC 


ratio. at the resonant frequency. . : 


s. R-f resistance is the sum of éhs d-c resistance 
of a conductor and the additional resistance 
caused by skin effect at the higher frequencies. 

t. Skin effect is the tendency of r-f currents to 
travel through the lower- reactance paths near the 
surface of a conductor, where the self-inductance 
is smaller. The result is a nonuniform distribu- 

tion of current in the conductor (more current 
- flows through less conductor) which i increases at 
_tenuation and power losses. 

u. Skin effect occurs in any conductor carrying 

r-f but it causes higher r-f resistance in conductors 


having a circular cross section than those that 


are rectangular. 7 

v. Flat copper strip or Litz wire sometimes is 
used to minimize skin effect, but these materials 
are more expensive than common wire. 


w. Another method of reducing r-f resistance 


losses is silver-plating the conductors to the depth 


at which current is expected to travel, thus pro- | 


viding a lower-resistance path. 
wv. R-f resistance is taken into consideration in: 


circuit. design, and skin effect _ is minimized by — 


selecting the proper conductor size for the oper- 
ating frequency. rae 

y. Where it is desirable to add resistance to in- 
crease the bandwidth of a tuned circuit, r-f resist- 
ance may be used. 





z. This can be accomplished by designing the 
coil so that skin effect at the operating frequency 
introduces the necessary amount of r-f resistance. 


12. Review Questions 


a. Define clistributed properties. 

b. What are the effects of the distributed prop- 
erties of a transmission line at a frequency above — 
200 mc? 

c. What is the relationship in dimension between 
the parts of an electronic circuit and the wave- 
length at frequencies above 30 mc? | 

_d. What is distributed inductance ? 

e. At. what point of a straight wire carrying a 
high-frequency alternating current is self-induct- 
ance the highest ? 

7. What is the reactance of a 6-inch wire with 
a self-inductance of .07 ph at 420 me? 

g. How can series or parallel resonance be ob- 
tained without the use of lumped properties? 

h. What is the effect of mutual inductance when 
a conductor carrying high-frequency a-c runs close 
to another conductor ? 

2. What is distributed capacitance? | 

j. Why are the losses in distributed capacitance 
less than in lumped capacitance ? 

Ak. How are the circuits wired to reduce the 
effect of distributed properties ¢ _ 

/. What are the effects of r-f resistance in a high- 
frequency circuit ? , 

m. What is skin effect? 

nm. How can skin effect be needs 

o. What is meant by resistance ratio? 

p. Why would resistance which lowers the Q. 
of a circuit be added to a resonant circuit? 
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CIRCUIT ELEMENTS—LINE SECTIONS | 





13. Introduction 


—6a. General. 


(1) Circuit elements are eonsidered to be- 


those component parts that actually per- 

form an electrical function in the circuit, 
as opposed to parts that serve only a 
mechanical purpose. Vacuum tubes, ca- 

- pacitors, resistors, and inductors may be 
used as-circuit elements, as may many 
other sorts of components. Connecting 
wires and leads with negligible imped- 
ance are not considered to be circuit 
elements. 

(2). One of the most common uses for a circuit 
element or combination of elements is as 
an impedance, which may be large or 
small in value, and either reactive, resis- 
tive, or complex in nature. 

Impedance is one possessing both resist- 
ance and reactance; the reactance may be 
either inductive or capacitive in nature. 
Circuit elements providing impedance of 
the required value and nature may be 


made up either of lumped-property com- — 


ponents (coils and capacitors), or from 
sections of transmission line, in which 
the properties are distributed uniformly 
along the length. So far as their theo- 
retical electrical properties are concerned, 
either type could be used anywhere in the 
spectrum, from the lowest audio fre- 
quency to the highest radio frequency. 


Such factors as permissible physical size. 


and required circuit efficiency, however, 
hmit the frequency range of each type of 
circuit element. In the 30- to 1,000-me 


range, both lumped and distributed prop- — 


erty components are used widely in con- 
structing circuit impedances. 
6b. Uses of Line Sections. 
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A complex | 


In the higher- 
frequency range, sections of transmission line — 


serve as resonant impedances (tuned circuits) in 
the grid and plate circuits of vacuum-tube ampli- 
fiers and oscillators. 
band-pass and harmonic filters, impedance trans- 
formers, balance- to- aebalance. couplers, phase 
changers, resonant insulators, and in other ways. 
Actual sections of typical coaxial- or parallel- 
wire transmission line of the sort used to connect 
antennas to transmitters or receivers may be uti- 
lized for these purposes. It is possible, however, 
to attain greater power-handling capacity, higher 
Q, and superior mechanical and electrical rugged- 


ness and stability with special line sections con- 


structed of copper or aluminum tubing (fig. 13). 


_ The use of line sections is standard practice, except _ 
in temporary or makeshift circuits. 


In general, 
the efficiency and stability of circuit elements made 
up of such line sections is much greater than can be 


attained with practical lumped-property coils and 


capacitors. 
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Figure 13. Typical line sections. 


14, Transmission-Line Principles 


_ a. A short section of two-wire transmission line | 
is Shown in A of figure 14, with its equivalent cir- 


They are used also to form _ 








TRANSMISSION LINE 





EQUIVALENT CIRCUIT OF A SHORT SECTION OF 


TWO-WIRE TRANSMISSION LINE : B 








EQUIVALENT CIRGUIT COMMONLY USED 


| Cc 
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Figure 14. Transmission- line and. lumped- property 
equivalent circuits, 


cuit in B. The properties of inductance, capaci- 
tance, series resistance, and shunt conductance 
are represented as an infinite number of small 
values, distributed uniformly along the line. The 
inductance of an extremely short length of one 
of the conductors is represented by Z1. The shunt 
conductance, G, which represents the extremely 
small conduction across the line from conductor 


to conductor, is shown as a high resistance. A 


transmission line of a finite length, equal to the 
spacing between the conductors or greater, should 
be thought of as a large number of sections such 
as the section from 1-2 to 3-4, as shown in B, all 
connected in series. A section of line of infinite 
length offers a certain definite impedance value 
at its input terminals, known as the characteristic, 

or surge impedance, Z. The value of Z, depends 


~ combination. 


on the diameter and spacing of the conductors, 
and the nature ‘of the dielectric between them. | 
When a resistive load equal to Z, is connected to 
the output end of a line section of finite length, 
voltage and current from a source of a-c energy 


at the other end will be in phase, and there will 
be no reflected energy from the load. This is 


called terminating the line in a matching imped- 
ance. If the load is not purely resistive, or 


numerically equal to the line, Z,, some energy will _ 


be reflected, producing standing waves; voltage 
and current will not be exactly in phase, and the 
length of the line will be critical. C of figure 14, 
shows the equivalent circuit for an unbalanced 
coaxial line (when conductance is considered to 
be zero), typical sections of which are shown in. 
figure 15. The electrical properties of the un- 
balanced line are the same as for the balanced 
line. However, the outer conductor of the coaxial 
line 2-4 in the equivalent circuit of C of figure 14, 
can be grounded anywhere along its length with- 
out altering its performance, when the line 3 is ter- 
minated in a matched impedance. 

6. In the infinite line, or in any line terminated 
by a matched load, all of the energy sent into the - 
line is absorbed, there are no reflections, and the 
line is said to be nonresonant. However, a sec- 
tzon of transmission line, of finite length, which is 
not terminated in its characteristic impedance, 


cannot absorb all of the energy fed into it and 


reflection occurs. This causes standing waves 
of voltage and current, which are actually stored 
energy. Since this storage of energy causes the 


section of transmission line to act as a resonant 


circuit, it may be put to use like any similar LC 
A line of any wavelength can pro-— 
duce standing waves, but to offer a resistive 
impedance at a particular frequency (become res- - 
onant), it must have an electrical length that is 
some multiple of a quarter-wavelength. When 
this condition is met, the inductive and capacitive 
reactances cancel and the section behaves like 
either a series-resonant or a parallel-resonant cir- 
cuit at the applied frequency. Only quarter-wave 
or some multiple of quarter-wave line sections at 
the working frequency are considered resonant 
line sections. ‘To produce the greatest amount of 
reflection and to give the highest or lowest possible _ 
input impedances, the line section is shorted or 
left open-circuited at the output end. Figure 16 
illustrates the voltage-current relationships for 
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Figure 15. Unbalanced coaxial line section. | 


both closed-end and open-end line sections of 
various fractions of a wavelength and_ their 
lumped-property equivalent circuits. Each quar- 
ter-wave section inverts the current and voltage; 


_ for example, if voltage is maximum at the output 


end, it drops to minimum a quarter-wavelength 


back from the output end. The section of line in 


figure 17 shows that this is true also of the imped- 
ance. When a second quarter-wave section is con- 
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nected in series with the first, a second inversion 
takes place, with the result that voltage, current, 
and impedance are the same at the input and out- 
put ends of a half-wave line section, but phase is 
shifted 180°. All odd-numbered multiples of a 
quarter-wave resonant line section act the same as 
the basic quarter-wave section, and all even multi- 


_ples have the same characteristics as the half-wave 


line section. 
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Figure 16. Voltage and current relationships in line sections. 
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closed-end line section are exactly opposite to their 
relationships at the output of an open-end line 
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Figure 17. Impedance panietonetes of line sections. 
c. In figures 16 and 1%, voltage, current, and the circuit action of closed- and open-end line 
impedance relationships at the output of the — sections at various lengths up to half-wave. The 


behavior of longer line sections will depend on 


section. This also holds true at the input ends whether they are odd or even pups of ay 
for sections of equal lengths. ‘Table IT indicates quarter-wave section. 


Table I I. Circutt ‘Action of Closed- and Open-End Line Sections 


accion at few end 


Wavelength measured from 
output end 


a a 


Closed-end section 


emer i ree ten | eee a 








Less than r/A. cs a | E and I intermediate value. 
| Z an intermediate value of reactance. 
Section acts like pure L. 
Nias laa mre Maximum Z. 
: Maximum E. 
Minimum I. | 
Z high resistance. 





Section acts like parallel-resonant circuit. 





Between \/4 and A/2___| Same as open-end. 
Section less than 2/4. 


Ne le oe Minimum Z, 
_ Minimum FE. 
Maximum I. 
Z is low resistance. 
Section acts like series-resonant circuit. 





Open-end section 


EK, I, and Z same as closed-end section but - 


oppos 
Section 


Minimul 


ite phase. 
acts like pure C. 





m Z. 


Minimum E. 
Maximum |, 
Z low resistance. 


Section 


acts like series-resonant circuit. 


Pt re I A eS | hf TP 


Same ag closed-end. 
Section less than d/4. 
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Maximum Z, 
Maximum E. 


Minimu 


m I. 


Z high resistance. 


Section 











acts like parallel-resonant circuit. 
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d. The curves of voltage and current shown in 


figure 16 represent the actual standing waves re-_ 


flected back along the length of the line section. 
One complete cycle occurs for each electrical wave- 
length (860°), but in practical line sections these 


- eycles do not all reach the same maximum and 
minimum values. The attenuating effect of even a 
~ low-loss line causes the maximum and minimum 


values to occur at the reflecting (output) end and 
there is a power loss and a gradual decrease in am- 
plitude of the waves back toward the input or 
source. The swr (standing wave ratio) is the 
‘ratio of the maximum rms (root mean square) 


- voltage or current to the minimum rms voltage or 


current, and this ratio depends on the amount of 


reflection from the output end of the line section. 


If the section is either shorted or open, the greatest 


~ amount of energy is reflected and the swr is high. — 


When the section is terminated in a load, the swr 


‘depends on how much of the total energy fed to 


_ the line the load can accept and dissipate. If the 


load accepts 90 percent, only 10 percent is available. 


to set up standing waves, and a low swr exists 
because only a small amount of energy is involved. 
_ This condition produces the flat curve, in A, figure 
18, and it is said to be caused by a reflection, coeffi- 
cient of 10 percent. The reflection coefficient is 


simply the percentage of energy that the load is 


unable to absorb and that is reflected back up 
the line to form standing waves. If the load ab- 
sorbs only 10 percent of the total energy, 90 per- 
cent is reflected and the swr is high, po emg the 
curve in B, figure 18. 
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Figure ‘18. Effects of reflection coefficient on swr. 


e. A line section may be tuned by varying its — 


physical length. When the input frequency re- 
mains constant and the resonant line section is 
detuned by either lengthening or shortening it, 
_ the reactances no longer cancel and one outweighs 
the other, just as in a conventional tuned circuit. 
The line section is no longer resonant and resistive, 
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_ than a 4/4 acts like an inductance. 





but looks to the exterior circuit like either an in- 
ductance or a eapacitance (A of fig. 19). The 


same result can be obtained by varying the input 


frequency. Increasing the applied frequency is 
the same as lengthening the line section, because 
the wavelength of the applied frequency becomes 
shorter in relation to the physical length of the 
line, as in B of figure 19. _ | 
f. Line sections between a A/4 (quarter-wave- 


length) and a x/2 (half-wavelength) invert the 


properties of terminating- -load reactances. For 
example, a closed-end section between a A/4 and 
a \/2 (fig. 20) looks to the exterior circuit like a 
capacitance, but any part of the output end less 
Therefore, if 
a part less than a A/4 is cut off and replaced by an 


inductance, the section still behaves toward the 


exterior circuit like a capacitance. Similarly, the 
output end of an open-end section between a A/4 
and a 4/2 may be replaced by a capacitor, but the 
section still will behave like an inductance to the 
input r-f source. A quarter-wave resonant sec- _ 
tion connected to a reactive load thus inverts the - 
property of the load from inductive to capacitive | 

or Vice versa, as in A of figure 20, in addition to 

inverting oe ‘values. Comparison of A and B 
shows that a half- -wave resonant section acts as a 
repeater and the Input end sees whatever value 
and type of load. are placed at the output end. 

g. When a line section is spoken of as a quarter- 
wavelength or a half-wavelength, the electrical 
rather than the physical length is meant. Radio 
waves travel approximately 300,000,000 meters per 
second in air, but they are slowed down when they 
encounter any material with a dielectric constant 
greater than that of air. In practical transmis- 
sion lines, insulating dielectric supports must be 
used for the line conductors. Therefore, the ve- 
locity of the waves is reduced and they cannot. 
travel as far during 1 cycle as they do in air or 
free space. For this reason, the electrical wave- 
length 1 in the line is shorter than it would be in 














— air at thesame frequency. The velocity is reduced 
in proportion to the amount of solid dielectric 


encountered. In two-wire transmission lines sep- 


arated by ceramic spacers or mounted on stand-off 


_ Insulators, there is not much dielectric to slow the 


travel, but in solid- -dielectric coaxial line the veloc- 
ity cad wavelength drop to about 65 percent of 
normal. For example, at 100 mc,.a wave is 3 


meters long in air but in solid- diclecteio coaxial 


line at the same frequency 1 wavelength is 3 times 
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Figure 19. Tuning craracteristics of line sections. 


.65 = 1.95 meters. The ratio of the actual velocity 
along a transmission line to the velocity in air 
is called the V (velocity factor). It can be used 
to determine the physical length in feet corre- 
sponding to an electrical wayee by means of 
the following formula : 


984 x V 

| : om 

where f=frequency in megacycles, 
V =velocity factor. 


length m fuk = 





A line in which most of the dielectric between con- 
ductors is air usually has a higher velocity factor 
than that of the solid-dielectric coaxial types. 
The velocity factor for two-wire air-insulated line 
runs between .95 and .98, and the velocity factor | 
for solid-dielectric coaxial line varies from ap- 
proximately .65 to .85. 

hk. Commercially available saan lines 
fall into several subdivisions of the two general 


types. 
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Figure 20. Load- inversion and standing-wave positions for resonant- line sections. 


(1) Two- -wire, open, air-insulated lines may 


be constructed of wire or tubing, sepa- 
rated by spacers made of ceramic or some 
other low-loss material or supported on 
stand-off insulators. The spacing varies 
from approximately 4 to 12 inches, de- 
pending on the power-handling require- 
ments of the line. ‘Two-wire open line 


can be made to have very low losses up. 
-to about 50 mc. Above this frequency, 


it becomes increasingly difficult to avoid 
radiation losses because of the line spac- 
ing. For parallel-resonant tank-circuit 
use, higher Q and greater mechanical 


strength usually are obtained by using 


large-diameter conductors or tubing. 
Two-wire solid-dielectric or ribbon line 
is incased in, separated, and supported 
by a semiflexible sold dielectric, usually 
of polyethylene or a similar material. 
The dielectric does not act as a shield 
and, consequently, radiation losses can 
occur at sufficiently high frequencies. 
The ribbon line is available in several 
sizes and spacings for both recelving and 
transmitting use. 


(2) Coaxial (concentric) transmission line is. 


constructed of an inner conductor sur- 
rounded by either a semiflexible metallic 
braid or a solid-metal outer tube. Sev- 
eral means are used to support and in- 
sulate the inner conductor from the outer. 
Solid-dielectric coaxial line has the en- 
tire space between the conductors filled 
with an efficient dielectric, such as poly- 
ethylene; another type of semiflexible 
coaxial line employs air as the dielec- 
tric, supporting the inner conductor on 
beads or washers of ceramic. The most 
efficient type is rigid in construction, 
consisting of two concentric copper tubes, 
separated by low-loss spacing iahers 
and filled with dry air nitrogen under 


pressure. This, however, is practical 


only in permanent installations and it is, 
comparatively, more expensive. The 
radiation losses in all coaxial lines are 
much lower than in two-wire types, since 
the outer conductor acts as a shield. 
Stray coupling and pick-up are negligi- 
ble when the line is properly terminated, 
but the losses in the line are somewhat 





| _ greater. The outer shield SE a er 
line may be grounded. if desired. 


15. Line Sections as Parallel-resonant Circuits 


a. General Properties. Above 50 me, the diffi- - 


culty of constructing efficient tuned circuits with 
common coils and capacitors makes some other 
type of circuit desirable. Sections of transmis- 
sion line can fill this need, and are used widely 
where space and weight considerations permit. 
Quarter-wave closed-end, and half-wave open- 
end resonant line sections offer the characteris- 
tics of parallel resonance. They also have a high 
Q at frequencies where tank circuits with lumped- 
property elements become inefficient and useless. 
Close to resonance, the impedance curve for a 
_ quarter-wave closed-end or half-wave open-end 
resonant line section resembles the impedance 
curve for a conventional parallel- resonant circuit 
using lumped-property elements. © The curves dif- 
fer at points farther from resonance, because the 
reactance of the line section depends on the reflec- 
tion effect which produces standing waves and 
not on any lumped capacitance or inductance. 





Resonant-line sections may be used as tank cir-. 


cults in either single-ended or push- pull arrange- 
ments, depending on the requirements of a par- 
oul application. A line section, any circuit, 


or any part of a circuit is said to be balanced. 


when it is composed of two or more potential 
paths which operate similarly in respect to 
ground, as in a push-pull circuit. An unbalanced 
line section or circuit is one in which a single 
potential path operates at some value above or 
below ground. An example of this is the plate 
circuit of a single amplifier. A horizontal paral- 
lel-wire line section is balanced, and the concentric 
line and two-wire line operated with one wire 
much closer to the ground than the other is 
unbalanced. : 
(1) Resonant-line sections sited in tank cir- 
cuits. Parallel-resonant line sections 
"used as tank circuits in single- -ended and 
push-pull arrangements are shown in fig- 
ure 21. In a properly operated coaxial 
line, the outer skin of the outer conductor 
carries no r-f current, and may be 
grounded. The outer skin of the inside 
conductor is above ground potential and 


is at a relatively high impedance above | 
ground. For this reason, the unbalanced © 


coaxial line usually is found in single- 











ended circuits where it is desired to use 
line sections in place of lumped- -property 
tank circuit elements. A common un- 
balanced arrangement is. shown at A of 
figure 21, together with a simplified 
schematic of a conventional tank circuit. 
In the parallel-wire line section, in B, r-f_ 
currents flow in both conductors, both are 
above ground potential, and they present 
equal impedances to ground. Therefore, 
the line is considered balanced, and is 
particularly adapted to the requirements 


of push-pull tank circuits. In both bal- 


anced and unbalanced circuits at the res- 
onant frequency, the line section appears 
to the source like a high, pure resistance, 
energy is stored in the line, and very _ 
little power is required from the source _ 
to maintain this condition. The two- 
wire resonant line section is used gen- 
erally in the frequency range from 50 to 
300 me, because the tank circuit is some- 
what more easy to tune. However, 
radiation losses can occur from two-wire 
sections, particularly at the higher fre- 
quencies. This reduces the effective Q 
and decreases the impedance at resonance, 
resulting in a decrease in efficiency as — 


the frequency is raised. Since coaxial 


lines are self-shielding, radiation losses 
from coaxial line sections are extremely 
small, and there is little loss of Q from 


this source. Resonant-line sections made 


from coaxial line are more difficult to 


tune, however, because of the physical 


arrangement. 


(2) Tuning. 
(a) Resonant-line sections used as parallel- 


resonant circuits differ from the con- 
ventional lumped-property com po- 
nents in their response to the harmonics 
of the fundamental resonant frequency. 
For example, a quarter-wave section of 
a closed line will act as a parallel 
resonant circuit to the fundamental 
frequency. However, at twice the 
fundamental frequency (second har- 
monic), the quarter-wave section acts 
as a series-resonant circuit. The imped- 
ance curve (fig. 17) shows that a line 
section theoretically offers maximum 
or minimum impedance at every har- 
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Figure 21, “sReaonink: line sections as parallel- resonant (tanie) circuits. 


monic of the fundamental frequency. 
Actually, this curve is not a true repre- 
sentation because of end effect, which 


causes the open end of a resonant line 


section operating at a hormonic to 


behave as if the section had been 


lengthened physically by a fraction of 


a wavelength. The section does not 


become resonant exactly at the second 
harmonic, but somewhat above it. 


When a lumped reactance is used across 


the line for tuning purposes, the end 
effect 1s increased. Where it is neces- 


sary to tune a line section, a variable. 
capacitance (A of fig. 22) often is 


used ‘to avoid changing the actual 


) physical length of the line. This 


capacitor shortens the effective wave- 
length of the resonant. section, thus | 
reducing the space taken up by the tank 


circuit. However, the presence of such 


(0) 


a lumped capacitance upsets the re- 
sponse of the section at the harmonic 
frequencies. Other methods of tuning 
resonant sections may be used; the 


most common forms are shown in 'B of 


figure 99... 

Two-wire sections should be spaced no 
farther apart than about 149 wave- 
length at the resonant Predpeney ys or 














radiation losses may a cone: excessive. 
Spacing large- diameter conductors too 
— closely also introduces losses, resulting 
from eddy currents, and adds to the 
danger of voltage break-down and arc- 
ing. For this reason, parallel wires 
should not be closer than about twice 
the diameter of one conductor. When 
tuning two-wire line sections by means 
of a short-circuiting strap, as in A of 
figure 22, the strap must make a very 
low-resistance contact with the con- 
ductors because any sizable resistance 
will seriously reduce the Q of the tank 
circuit. When a shunt capacitance is 
used, the capacitor must have mini- 
mum distributed inductance and the 
lowest possible losses. Supporting the 
capacitor entirely on the line con- 


ductors, so that no solid dielectric is in| 


the electric field, is the most practical 
means of maintaining a high Q. A 
telescoping tube may be moved inside 
the line to change the effective length 
of the inner conductor. Coaxial line 
sections also may be tuned by means of 
a shorting disk or a lumped capacitor. 
The lumped capacitance must have a 


low-loss and a high Q. It may be con- © 


nected at the open end of the line, 
which gives the greatest tuning effect 
per unit of capacitance, or by tapping 
down on the line, which has less effect 


on the circuit Q. If the shorting-disk 


method of tuning is used, the disk must 
make perfect electrical contact to avoid 
the introduction of additional contact 
resistance. The different methods of 
tuning coaxial lines are shown in B of 
figure 22. 


(3) Coupling to resonant- line sections. As 


long as the total length of a line sec- 
tion is resonant, both the generator 
and the load may be tapped on at any 
desired impedance point. This fre- 
quently is done to make the impedances 
match, just as connections are tapped on 
a ee on tank circuit coil. No 
matter where the generator, or the load, 
is tapped, the tank circuit will appear 
resistive. When coupling inductively to 
the two-wire line section, a hairpin loop 
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Common tuning methods for two-wire and 
coaxial resonant-line sections. . 

is used. Since the r-f field about the 

two-wire resonant line section is not con- 


fined, the hairpin loop may be placed at 


the necessary distance from the line sec- 
tion to give the desired degree of cou- 
pling. Inductive coupling to the co- 
axial-line section is mechanically more 
difficult because the field is confined al- 
most entirely within the outer conductor. 
A small loop is inserted through an 
opening in the outer conductor and pro- 
vision often is made for rotating the loop 
to provide control of the degree of cou- 
pling. When the loop is at right angles 
to the field, maximum coupling is 
achieved; when it is parallel to the field, 
coupling drops to a minimum, and would 
go to zero save for the small capacitive 
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(4) 


coupling between the loop and the inner 
conductor. To reduce losses, the two 
leads from the coupling loop frequently 50,000 


are brought out in the form of flexible 
coaxial cable. | 

Impedance and @. In coaxial-line sec- 
tions, the inside surface of diameter 
(D) of the outer conductor, and the out- 
side surface of diameter (d) of the inner 
conductor, are called the effective sur- 


_ faces. The ratio of their diameters, D/d, 


is a main factor in determining the un- 


loaded Q of a line section using air as the 


dielectric. The highest unloaded Q is 
obtained when the ratio of diameters is 
3.6 to 1; that is, when the inside diame- 
ter of the outer conductor is 3.6 times 
the outside diameter of the inner con- 
ductor. The actual unloaded Q, of a line 
section in practical use is influenced also 
by the operating frequency. This is 
shown in A of figure 28, with the Q in- 
creasing as the effective diameter of the 
outer conductor becomes a larger frac- 


tion of a wavelength. Obviously, this is 


limited by the available space in equip- 


ment, although for laboratory purposes, 


_ where high Q is important and space is 


not, very large diameters may be used. 
The diameter of the inner conductor in 
each case 1s kept at the D/d ratio, 3.6 to 1. 
In B of figure 238, the diameter of the 


outer conductor remains constant and the 
graph shows the effect of making the 


inner conductor smaller to change the 
D/d ratio. The maximum unloaded im- 
pedance at resonance occurs at a much 
higher ratio of D/d than the ratio which 
gives maximum Q. However, a tank 
circuit usually must be loaded if it is to 
be of any use, and loading always causes 
a reduction of the Q and the effective 
impedance. If a heavy load is connected 
to a line section designed for maximum 
unloaded impedance, D/d of 9 to 1, the 
result may be an effective impedance 
nearly as low as the unloaded impedance 
of a line section designed for maximum 
Q, D/d of 3.6 to 1. This drop in effec- 
tive impedance is not particularly im- 
portant, since the resonance curve will 


' remain sharp. In commercially avail- 
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Figure 23. Impedance and Q of coamxial-line sections. 


able coaxial line sections, ratio D/d will 


vary from about 2:1 to as high as 10:1. 
Line sections that regulate the frequency — 
in measuring devices require special con- 
struction methods; for example, the sur- 
faces of the lines may be machined to 
exact tolerances, or they may be built up 
to the correct size by electrolytic deposit, 
to attain the desired D/d ratio for maxi- 
mum Q. For two-wire line sections, the 
effects of loading on impedance and Q are 
similar. The curves in B are approxi- 
mately true for two-wire sections if the © 


ratio of. center- to- center. spacing to the 





— radius of the conductors i is substituted for 


the ratio of diameters, D/d. The char- 


acteristic impedance of the two-wire line 


| _ varies in the same straight-line manner, 
_ but the actual values will be double those 


(5) 


- same. Although the longer line section | 


shown for the coaxial type. 
Advantages of quarter-wave over longer 


resonant line sections. “It would seem 
that a half-wave line section would have 


a higher Q than a quarter-wave line sec- 
tion, since more energy can be stored. 
However, the longer section also increases 
line losses so that the Q remains about the 


suffers less reduction in Q than the quar- 
ter-wave section, larger conductors can 
be used to reduce the effective r-f. resist- 
ance and improve the Q. The load is 


- tapped on the tank at the desired imped- 


(6) 


ance point. Harmonic response is con- 
trolled easily in a quarter-wave tank cir- 
cuit, since it responds to the odd harmon- 


ics only; the half-wave tank circuit, how- 


ever, responds to both odd and even 
harmonics. The third harmonic can be 
practically eliminated by loading with 
a small value of capacitive reactance to 


increase the end effect or by tapping the | 


tank to the third-harmonic voltage node. 
Although quarter-wave and half-wave 
line sections are most commonly used, 
the statements made here about the basic 
quarter-wave sections also are true for 


sections composed of any odd multiples 
of a quarter-wave. Statements about 


half-wave sections hold true for any mul- 
tiple of a half-wave. 

Two-wire versus coaxial-line tank cir- 
cuits. The two-wire line is much easier to 
tune and coupling is more convenient, but 
radiation from the parallel conductors 
is likely to be high if any unbalance is 
present. Unbalance may be caused by an 
unbalanced condition at either the source 
or the load, or by one conductor being 
closer to ground, or to a grounded ob- 
ject, than the other. When radiation 
occurs, not only is power lost, but energy 
may be coupled back into the grid circuit, 
causing either regeneration or degenera- 


tion and upsetting proper operation of 


_ the stage. Coaxial-line sections are more 
difficult to tune, but the self-shielding 


construction incloses all of the field ex-~— 


cept where an end is open, and the pos- Pee 


sibility of stray coupling is reduced con- | 
siderably. This means that the coaxial 


tank circuit may be located closer to other 
circuit elements, resulting ina morecom- | 
pact physical arrangement with fewer — 


losses. 


6b, Practical Uses. : 
(1) Vacuum-tube circuit impedances. The 


characteristics of vacuum tubes are such 


that high impedances often are required 


in the grid, plate, and cathode circuits 
of amplifiers and oscillators. Resonant-_ 
line sections are used widely for these 
purposes at frequencies of 30 to 1,000 | 
mcs, since high Q values are more con- 
veniently obtained than with lumped- — 
property tank-circuit elements. Figure — 
24 shows a low-power push-pull circuit . 
using a half-wave resonant- line section, 
which is a combined oscillator and am- 
plifier designed for operation at 400 me. 
The half-wave resonant-line section used 
as the plate-load impedance offers a high 
impedance at each end and a low imped- | 
ance at the effective midpoint (fig. 17). — 
The d-c plate voltage for the tube is ap- 
plied at the low-impedance midpoint, 


| through the two 100-ohm resistors. These | 


resistors help to damp out parasitic oscil- 


lations. The plates of the tube feed into © | 


the desired high impedance at the input 
end of the line section. The line section 
is adjusted to exact resonance by the © 
capacitors (fig. 24) at the output end. 
A hairpin loop is used to couple the 
antenna to the line. The stability and the 
efficiency of the amplifier depend largely — 
on the tank-circuit Q. By using the 
resonant-line section, the Q 1s increased 


- approximately two to five times over that. 


which might be expected from conven- 
tional coils and capacitors operated in | 
the same circuit at the same frequency. 
Although the circuit shown here is bal- 


anced, the same improvement in Q, sta- 


bility, and efficiency can be obtained in 
single-tube amplifiers using unbalanced, 
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Figure 24. Two-wire line section as (push-pull) plate 


load impedance, 


rer resonant-line sections as circuit 
impedances. 
Frequency-controlling scion 


Oscil- 


-lators operating in the 30- to 1,000- 


me region require accurate frequency 
control. -Crystal-controlled frequencies, 
overtone circuits, or frequency. mul- 
tipliers can be used but, for many 
purposes, some other nes control 
element is desirable. Parallel-resonant 


-jine sections can be constructed to control 


frequency with an efficiency and _ fre- 


quency stability comparable to that of 


the crystal. A Hartley oscillator oper- 
ating at 200 to 220 mc, with a coaxial- 
line section used as the tuned-grid 


circuit, is shown in A of figure 25. The 


~ coaxial section uses a tubular inner con- 


ductor, but the outer conductor is a square 





shield instead of the more familiar cy- 
- lindrical shape. 
distribution is uniform, however, the sec-_ 
tion could have any physical shape and — 


As long as the field 


offer high Q and good frequency stability. 
The inner conductor is tapped at the 
desired impedance points and the incom- 
ing signal is inductively coupled to the 
line. The section is adjusted to exact 


‘resonance by means of a capacitance 


which is paralleled by a temperature- 
compensating capacitor to avoid fre- 


quency changes under operating condi- 


tions. A number of oscillator circuit 
arrangements are possible using the bal- 
anced line, the two-wire line, and the un- 


- balanced line as resonant circuits. ‘The 
. main consideration is low-loss, high-Q- 


design, to increase efficiency and mini- 


‘mize instability. The similarity of the 


circuit to one with lumped properties is 


shown in the equivalent circuit of B of 
figure 25. 


Metallic insulators. -Gince a quarter- 


wave closed-end resonant line section 


offers a high impedance to currents at the’ 
resonant frequency, it may be used as a 
stand-off insulator (insulating stub) for 
a transmission line carrying that partic- _ 
ular frequency. <A, of figure 26, shows — 

a 4/4 stub used as an insulator in a two- 
wire line-section and B shows the stub in 
a coaxial line. In order to offer the 


highest possible impedance to the trans- 


mission line, the Q must be very high. 
This requires the insulating section to be 
of low-loss construction and cut to an 
exact electrical quarter-wavelength. 
For transmission lines operating at single | 


_ frequencies, this arrangement is stable 


and mechanically strong and makes an 
efficient insulator, but it is highly sensitive 
to frequency. If the signal frequency is 


_ varied above or below the resonant fre- 


quency of the stub, the impedance of the 
stub is lowered and the stub will act as a 
capacitance or an inductance across the 
line. The sensitivity of such a line to 
small changes of signal frequency may be 


- reduced somewhat by spacing the stubs at 


odd quarter-wavelengths along the line. 
The additional stubs will minimize reflec- 










INNER 
CONQUCTOR 





EQUIVALENT CIRCUIT 


—O +HV 
dEATER | | A 
O+HV 
HEATER 
B 
TM 667-31) 


Figure 25. Coazxial-line section as frequency-controlling element. 


tions, but are effective only on a relatively 
short line. A common method of broad- 
banding or reducing the frequency sen- 
sitivity is to incorporate into the line 
half-wave sections which have a lower 
characteristic impedance than the rest 


of the line. A stub is connected at the 


midpoint of each added half-wave sec- 
tion. This arrangement does not affect 
the characteristic impedance of the line, 
but it cancels reactances and broadens the 
impedance curves of the stubs. As a 
result, the line frequency may vary up to 
15 percent from the resonant frequency 
~ without serious loss of insulator efficiency. 





(4) Impedance transformers. The inverting | 


action of a quarter-wave line section also 
makes it a convenient device for use as > 
an impedance transformer. Impedances 
may be stepped up or stepped down, as > 
desired, and the line section may be op- 
erated in a balanced or an unbalanced 
condition. The balanced two-wire im- 
pedance transformer and its equivalent 
circuit are shown in B of figure 27. The 
unbalanced coaxial impedance trans- 
former and its equivalent circuit are 
shown inC. Reference to the impedance 
curves of A demonstrates the impedance — 
inversion which takes place. A mathe- | 
a —— 
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» sTuB OFFERS HIGH | The quattér-wave line section must have 
* IMPEDANCE TO LINE Le | : an impedance of 209 ohms to provide the 
LE” necessary match. Any two line sections 

may be matched in this manner, provided 
that the impedances are resistive. A line 
section used as a transformer often is 
called a Q section and may be any odd 
number of quarter-wavelengths. To 
save space and make it less frequency- 
sensitive, a single quarter-wave section 





THIS POINT | is used. The sensitivity to changes in 
MAY BE GROUNDED | | 

| 7 _ie | frequency becomes greater as the ratio of 

oe A ‘input to load impedances increases. In 

a _the example mentioned above, the zmped- 

NO WARE TRONS MISS aN EINE ance transformation ratio is 600 divided 


by 78, or approximately 8 to 1. Under 
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Figure 26. Resonant-line sections as metallic insulators. 





matical relationship exists which makes 
it easy to calculate the characteristic im- 
pedance the line section must have to : So 
provide the desired match. This rela- Le Zo" 


AB=LOW IMPEDANCE — 
CD= HIGH IMPEDANCE 





: See = Zin * ZLoap 
tionship states that the square of the 
characteristic impedance equals the prod- | TWO-WIRE IMPEDANCE TRANSFORMER AND 


uct of the input impedance and the load ccna ceah acer 


impedance, or 
| | Lo? = Lin X Load 
This frequently is written: 
| Zo=N Lin X Lioaa 
The necessary characteristic impedance 
of a quarter-wave section to match a 600- 


ohm transmission line to a 73-ohm an- | 
tenna is figured as follows: 





_ A=LOW IMPEDANCE 
ener IMPEDANCE 





Zo = Li x “LOAD 


Lo=N LinX Diva COAXIAL IMPEDANCE TRANSFORMER AND | 
= a/ 600 73 fn CIRGUIT 
—_ A/ 43,800 | : ‘ : } y . ™ 667-313 
| Fide 27. Resonant- line sections as impedance — 
= 209 ohms. transformers. 
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_ and it is always a pure resistance. 





| these conditions, the operating frequency 
might vary by several percent without 


seriously affecting the impedance match. 
At high ratios, however, a frequency de- 
viation of as little as 1 percent will cause 
a mismatch and result in losses. 
narily, the Q section is made with a fixed 
characteristic impedance. For some ap- 


plications, it may be necessary to adjust 


the output impedance because the load or 
source impedance is not known accu- 
rately. The spacing of two-wire line 
sections may be varied to achieve this, 
but in the coaxial line a special type must 
be used. This has an. elliptical outer 
shield and an inner conductor of the same 
shape, which may be rotated independ- 
ently. Changing the position of the in- 
ner conductor in respect to the outer 
conductor varies the characteristic 
impedance. oo 


16. Line Sections as Series-resonant Circuits 


a. General Properties. The quarter-wave open- 
end section and the half-wave closed-end section 
behave like series-resonant circuits at the resonant 
operating frequency. A of figure 28, illustrates 
the A/4 section,:C the A/2 section, and B, the 
equivalent conventional circuit using lumped- 
property elements. The input impedance seen by 
the energy source at 1 and 2 is low at resonance 
The Q would 
be infinite and the input impedance value would 
be zero, save for the losses in the line section. 
With low-loss lines, a high Q is obtained and there- 
fore the actual input impedance approaches zero. 
To the source, this looks almost like a short circuit. 
The series-resonant effect is the same in either 
two-wire or coaxial-line sections. The series- 
resonant line differs from the parallel-resonant 
line only in that the quarter-wave section is open- 
end and the half-wave section is closed-end. The 
impedance, Q, tuning, and other practical consid- 
erations apply equally to the use of the line sections 
as series- or parallel-resonant circuits. | 
_ 6. Practical Uses. Resonant-line sections func- 
- tioning as series-resonant circuits are used where 
it is desired to present a low, purely resistive im- 
pedance to a narrow band of frequencies. One of 


the most common applications is.as a band-pass 
filter, used either alone in a transmission line to 
suppress even harmonics or in conjunction with 
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Figure 28. Resonant-line sections as series-resonant | 
circutts. | 
other filter types for suppression of all the har- © 
monic frequencies. A of figure 29, illustrates the 
manner in which even harmonics are practically 
eliminated from an antenna transmission line by | 
inserting an open-end quarter-wave section in one 
side of the main line. This \/4 section offers a low 
impedance, in B of figure 29, and does not prevent 
current flow at the fundamental frequency. At the 
second harmonic, however, the wavelength is. 
halved and the same section becomes a half-wave | 
open-end section which acts like a parallel-reso- 
nant circuit. An extremely high series impedance 
therefore blocks the second harmonic. At the 
fourth harmonic, the filter becomes a full-wave 
section, and at every even harmonic, the section 
isa multiple of a half-wavelength and behaves like 
the half-wave section to block these frequencies. 
At odd harmonics, the same section becomes a 
multiple of the basic quarter-wave section and 
offers a low impedance that permits the odd har- 
monic frequencies to pass. If it is desired to 
eliminate these odd harmonics, another means 
must be used, since any attempt to use a resonant- 
line section for the purpose results in excessive 
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loss at the fundamental frequency. Fortunately, 
the third lfarmonic, which is the most troublesome, 
may be eliminated in the resonant-line tank circuit 
of the final amplifier by capacitive loading or 
tapping the tank. 


17. Line Sections as Reactances 


a. General Properties. A line section other © 
than a 4/4, or a multiple of a A/4, functions as a ~ 


reactance. The value of reactance may be high 
or low and it may be inductive or capacitive, 
depending on the electrical length and the line 
termination. An open-end line section less than 


a /4 behaves like a capacitive reactance, and a | 


closed-end section of the same length offers induc- 
_ tive reactance. For sections exactly a 4/8 or odd 
multiples thereof, the theoretical reactance is 
- numerically equal to the characteristic impedance 
of the line. A, of figure 30, gives the reactance 
curves for line sections up to 1 wavelength. In 
a theoretical line with no losses, pure reactances 
_ with zero power factors would exist, but in any 
practical line a small resistance is present. This 
results in a resistive value in series with the react- 
ance of the line section, as in B of figure 30. At 
approximately a A/8, or multiples thereof, the 
reactance offered by the line section is equal to the 
characteristic impedance. The reactance has a 
definite power factor, but in a section of well de- 
signed line it will be very small and the section can 
function as an extremely low-loss reactance with 
much greater efficiency at high frequencies than 
— can be obtained with lumped-property reactances. 
The reactance of line sections, however, changes 
much more rapidly with frequency than that of 

lumped-property components. 

6. Practical Uses. Line sections often are used 
as reactances to remove standing waves from 
transmission lines by tuning out or canceling re- 
actance components in mismatched loads. They 
also find applications as low-loss substitutes for 
lumped reactances in filters. 

(1) Line-matching stubs. When a transmis- 
sion line is used to feed a reactive load, 
such as some antenna arrays, standing 
waves are set up because of the load mis- 
match. To provide a proper impedance 
Inatch and eliminate the standing waves, 
a stub 1s used. The stub is placed at a 
point on the line where the resistive com- 
ponent is equal to the characteristic im- 
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| Figure 29. Resonant-line sections as band-pass filters. 
pedance of the line. At this point there 
is also a reactive component (B of fig. 


30) and the length of the stub is ad- — 
justed until its reactance is equal and > 
opposite to that of the line. When this 


is done, the line is matched at that point 
and standing waves are eliminated from 
there back to the input end or source. 
For this reason, the stub is placed as near 
to the load as is practical even though 
there are four points on every electrical 
wavelength of line where the resistive 
component equals the characteristic im- 
-pedance. The approximate location for 
the stub, as well as the stub length, can 
be found by using the chart of figure 31 


but, because of variations in practical . 


lines, some final adjustment is necessary. 
A closed-end stub generally is used for 
convenience of adjustment. In practice, 
the standing-wave ratio must be deter- 


mined by means of a probe and an indi- 
cating device. Maximum and minimum 
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Figure 30. Reactance curves and effective impedance of line section. 


voltage or current points are located and 
the maximum voltage is divided by the 
minimum to give the swr. The stub then 
is connected to the line at the point deter- 
mined from the chart. A closed-end 
stub always is placed between the last 
voltage maximum on the line and the 
input end, never between H'mae and the 
load end. Usually, a simple final adjust- 


ment of stub length completes the match-. 


ing procedure. If the swr of the line is 


at least 10 or more, the adjustment of the 


stub becomes critical. Figure 32 illus- 
trates the effect of stub matching on a 
line with standing waves. When the line 


is not stubbed, the source sees an 1m- 
pedance that may be any value depend-_ 
ing on the length of the line. Standing 
waves appear along the line, as shown in 
A. With the stub attached at the proper 
point, as in B, the source sees an 1m- 
pedance equal to the characteristic im- 
pedance of the line and the resonant 
section of the line matches the load im- 

pedance no matter what its value may be. 
An alternate method of connecting the 
stub is shown in C. It is much easier to 
use single-stub matching with two-wire 
lines than the coaxial line, because of the 
greater convenience of measuring the 
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Figure 31. Stub length and position for impedance 
matching. . 


swr and attaching and moving the stub. 
‘The stub section should be identical physi- 
cally and electrically to the main line. 

Double-stub matching. In coaxial lines, 
the difficulty of moving the stub along the 


(2 


~~” 


line for final adjustment is eliminated by | 


using two stubs, adjustable in length by 
means of shorting plungers. These stubs 
are located anywhere on the load end of 
the line (fig. 33), but the spacing between 
the stubs must be exactly an A/8 or an 
odd multiple thereof. The arrangement 
will not handle the variety of complex 
load impedances that the movable single 
stub will handle, but where the swr is not 
unusually high it is effective and rela- 
tively uncritical. The second stub func- 
tions as a compensating adjustment, giv- 


ing an electrical effect which moves the | 


position of the first stub. | 
(3) Stubs as tmpedance transformers. The 
matching stub acts, in combination with 
the short resonant section of line between 
it and the load, as an impedance trans- 
former. To eliminate the standing waves, 
it transforms the complex load impedance 
into a resistive impedance equal to Zp. 


Since this is true, the stub may be used 


also for transforming the line impedance 
to match the line to the source. The 
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load-matching stub is located and ad- 

_justed as already described and a second 
stub is placed at the input end to match 
the line to the source in exactly the same 
manner. Thus, the impedances shown in 
fieure 34 are matched perfectly and the 
transmission line operates without stand- 
ing waves. 


18. Miscellaneous Uses of Line Sections 


a. Converting From Balanced to Unbalanced 
Impedances. A balanced condition in a transmis- 
sion line is defined as one in which equal or nearly 
equal amounts of positive and negative voltages — 
appear above or below a reference point which 
may be ground or some established voltage. In 
high-gain antenna systems it usually is essential 
to have fairly good balance to ground if the in- 
tended directive pattern is to be obtained. If such 
an antenna were connected directly to an unbal- 
anced coaxial line, either the load balance or the 
line operation or both would be upset. The un- | 
balance would shift the electrical feed point of 
the load away from the designed point, changing 
the ohmic value and introducing reactance into 
the effective load impedance. On the other hand, 
a balanced load would act as an interruption or. 
discontinuity in the line. Any discontinuity in 
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Figure 32. Effect of stub impedance matching. — 
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Figure 33. Double-stub impedance matching. 


a transmission line can cause standing waves, put 
r-f current on the outside braid of the coaxial line, 


causing unwanted radiation, and couple the load — 


reactance back into the source. All this can hap- 

_ pen, even if the impedance of the antenna is purely 

resistive and matches the line impedance. Obvi- 

ously some means of converting from an unbal- 
anced to a balanced condition must be used. 

(1) When the impedances of the devices to 

be connected already match and no im- 

pedance transformation is desired, a 

bazooka type of line balance converter, 

called a balun, is used widely. 'This is 

a quarter-wave shield which is placed 

around the end of the coaxial line. A 

of figure 35 shows a closed-end quarter- 

wave coaxial section between the detun- 

ing sleeve and the outer braid of the un- 

balanced line. This causes a high imped- 

ance to exist between 1 and 2. The inner 

conductor, 8, is already at high imped- 

ance in respect to ground. B shows that 

2, which formerly was at ground poten- 
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Figure 34. Stubs as impedance transformers. 


tial, now is free and its impedance to 
ground will depend on the load to which 
it is connected. If 2 and 3 are connected 
to a balance line, they will assume equal + 
impedance to ground and 1 will be at . 
ground potential. The equivalent cir- 
cuit, in C, demonstrates the 1:1 trans- 
formation in terms of lumped-property 
components. The bazooka gives excel-— 
lent performance as long as the operating 
frequency does not vary more than a 
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small percent. It-also may be operated | 


in the reverse manner, to convert from 
a balanced to an unbalanced condition. 


) Another type of balun or line-balance 
— converter (fig. 35) is the half-wave phase 


inverter, which acts:as an impedance 
transformer with a 4:1 ratio. Since 
the phase inverter is a 4/2, a negative 


peak appears at 2 every time a positive 


peak appears at 1, and since both peaks 
appear on the inner conductor, they have 


a high impedance in respect to ground. 


If each peak has a value of 50 volts, 
measured to ground, the voltage across 
1 and 2 is 100 volts. This is a voltage 


ratio of 2:1, which gives an impedance 


ratioof4:1. Like the bazooka, the phase 
inverter may be operated in either direc- 
tion and is highly efficient only within a 
narrow range of frequencies. 
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Figure 35.. Bazooka line-balance converter. 








b. Half- Waa Dine Sostioh as 7 ws Fitna option 
Because a A/2 line section or any multiple thereof 
repeats the input impedance at the output end of 
the line, it can be used as a 1:1 transformer. If 
a source having an impedance of 600 ohms is con- 
nected to the input end of the line, an impedance 
of 600 ohms will appear at the output end, no 
matter what the characteristic. impedance of the 
line may be. The same is true of the load imped- | 
ance, and its actual value appears unchanged at the 
input end. Therefore, if a source and load match 
or have impedance values that are approximately 
equal, they may be connected by a half-wave line 
section. This is convenient where source and load 
are approximately matched, but are separated 
physically by some distance. By using a line that 
is a multiple of a half-wave length, the two may 
be connected without a mismatch. Because no 
actual matching is done, it is not possible to 
connect a source and a load the impedances of 


- which are greatly c cae Coaxial or two-wire 


line may be used. 

c. Line Sections Used for Time Delay. In elec- 
tronic apparatus, it may be desirable to have a 
difference of a fraction of a second between the 
time an electrical impulse arrives at one point 


and the time the same impulse arrives at another 


point. Because of the velocity factor, an elec-— 
trical impulse is slowed down in a transmission 
line and requires a definite period of time to travel 
through a given length (A of fig. 87). There-— 
fore, a time delay can be obtained by using a suit- — 
able length of line to connect the two points. 
The velocity factor must be used to calculate the 
correct length. Another means for providing the 
desired time delay is shown in B of figure 37. In 
this method, the impulse from the source travels 
a short length of line to arrive at 1, but has far- 
ther to go to reach 2. This extra distance pro- 


vides the time delay between 1 and 2. 


d. Line Sections as Phase Shifters. When a 
time delay between two points is required, it may 
or may not be necessary to maintain an exact phase ~ 
relationship between ‘them. When it becomes 
necessary to produce a definite change of phase, a 
line section of the appropriate length between the 
two points can be used, or the lines can be cut to 
the proper effective difference 3 in the two lengths 
connecting to the source. Figure 16 illustrates the 
manner in which phase is shifted progressively 
from the source toward the output end of the. 


line. For example, if a phase shift of 90° is ree 
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_ Figure 36. Phase inverter as line balance converter. | 
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quired, the line should be a A/4 or any number of a 


full wavelengths plus a 4/4. This is important, One 


because it is possible to use any number of full — 
wavelengths of line to introduce a desired time _ 
delay, but the phase shift is determined by the 


fraction of a wavelength left over at the end of. fe 


the line. | 
e. Combined Phase Shifting and Impedance 
Transformation. A half-wave section of two- 


wire line, shorted at both ends as shown in figure 
38, frequently is used as a phase shifter and im- 


pedance transformer. It is referred to as a haljf- 


wave frame, and an r-f source connected at points _ 


1 and 2 of A of figure 38, or any desired impedance 
points causes the standing waves of voltage and 
current demonstrated by curves E and I, which in 
turn result in the impedance curve Z. The load is | 
tapped on at whatever location offers the proper 
impedance match, and the phase shift is deter- 
mined by the distance in electrical degrees be-- 


tween 1 and 3 or 2 and 4. The lowest impedance 


points are at the shorting bars and the highest at 

5 and 6,a 2/4 away. This makes possible a wide 
range of transformation ratios. Beyond 5 and 6 — 
the impedance decreases and the current again 
rises, but in the opposite phase. Therefore, there 
are two points on each conductor which offer the 
same impedance but different phase relationships. | 


If the load is moved to 7 and 8, the impedance 


VELOCITY FACTOR LESS THAN | 












 ’e— Time veLtay ————___ 


INSTANTANEOUS. VOLTAGE 





_| SOURCE 


J 
& 
Re 
ce 
be 












k———————— TIME DELAY 


TM 667-323 


Figure 37. Time delay obtained with line sections. 


39 











€ 


- is the same, but the phase is not. This happens 
because the half-wave frame actually consists of 
two quarter-wave sections connected in series. B 
of figure 38 shows the phase relationships. | 
if. Line Sections for Energy Storage. A trans-. 
mission line or a line section also may be used to 
store pulses of energy in the form of standing 
waves and deliver them at a desired rate. De- 
lays of approximately 1 or 2 microseconds can be 
obtained in this manner. Longer times, however, 
are impractical, because of the length of line that 
- would become necessary. When longer time de- 
lays are necessary, it is possible to construct 
-artificial-delay lines (fig. 89) composed of lumped- 
property capacitance, inductance, and resistance 
to achieve the same purpose. 
g. Line Sections for Switching Functions. In 
installations where a transmitter and a receiver 
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Figure 38. Half-wave frame as phase shifter and im- 
| | pedance transformer. 
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Figure 89. Artificial delay line. 


utilize the same antenna, a means must be pro- 
vided to switch from one to the other. This keeps 
damaging amounts of power out of the receiver 
circuits and prevents loss of feeble incoming sig- 
nals. Mechanical switching is satisfactory in the 
low frequencies, but in the higher frequencies it 
causes losses by introducing discontinuities which 
set up standing waves in the transmission line. 
Special gas-discharge tubes are used in conjunc- 
tion with quarter-wave and half-wave resonant- 
line sections (A of fig. 40) to solve this problem. 
At point X, which is close to the transmitter, the 
line to the receiver is tapped off. On the receiver 
line, a A/4 from X, a tube is connected which short- 
circuits the line when excited by sufficient r-f 
energy. Another special tube is connected a short 
distance from X toward the transmitter, at the 
end of a half-wave line section inserted in one 
side of the main line. B of figure 40, shows the 
action of the switch in the transmitting position. 
The tube in the A/2 section causes a short circuit 
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Figure 40. Line sections for switching functions. 


which is reflected back to complete the main line. 
The energy from the transmitter then enters the 
receiver line and causes the tube there to dis- 
charge, but this creates a 4/4 closed-end line sec- 


tion between the tube and X, which offers a high © 
impedance at the input end. Only enough energy 
is admitted to keep the gas tube discharging and _ 
none can get through to damage the receiver. As 


soon as the transmitted energy is interrupted or _ 


stopped, both tubes become open circuits, as shown 
in C of figure 40. Incoming r-f signals, which _ 
might otherwise be lost in the transmitting cir- — 
cuits, find an open circuit toward the transmitter. 

Since received signals are too weak to energize 
either tube, there is no danger of conditions being | 
reversed. ae 


19. Summary . 


a. Because of their lower r-f resistance and me- 
chanically simple construction, sections of trans- 
mission line may be made to act as very efficient 
and stable series- or parallel-resonant circuits and 
as low-loss reactances. ee 3 
6, At frequencies in the 30- to 1,000-me range, 
it becomes increasingly difficult to construct 


_ lumped-property elements that have good stability 


and high:Q. At these frequencies, however, wave- 
lengths are relatively short, so that line sections _ 
of desirable properties are not too bulky for 


practical use. 


c. Because of their physical construction, two- . 


wire line sections commonly are used in balanced 


circuits, coaxial sections in unbalanced circuits. 

d. Coaxial-line sections are self-shielding and 
therefore may be used throughout this frequency 
range, whereas practical two-wire types begin to | 
show serious radiation losses above 300 mc. 

e. The line sections usually are not pieces of 
actual transmission line, but units having the same 
electrical characteristics, specially constructed for 
mechanical rigidity and desired characteristic 
impedances. | ae 

f. Close-end A/4 line sections and odd multiples 
thereof behave as parallel-resonant circuits, which | 
makes them useful as vacuum-tube circuits imped- 
ances, particularly as grid and plate-tank circuits. 

g. They offer very high impedance to the source, 
and require little power from the source to main- 
tain the effect. | 

h. The inverting action of the basic quarter- 
wave line section finds use in impedance trans- 
formation. A wide range of transformation ra- 
tios may be obtained by tapping on to the line 
section at the desired impedance points, and almost 


_ any source and load may be matched by this means. | 


Al | 











2. Closed-end 4/4 sections also may be used as 


the frequency-control tank circuit of oscillators, 


and as metallic insulating support for transmis- 
sion lines. 
j. Open-end quarter-wavelength line sections 


act as series-resonant circuits and offer low imped-_ 
ance to a narrow range of frequencies at resonance. 


k. They are effective as band-pass filters and 
are used alone or with other types of filters to 


suppress even harmonics in transmission lines. 


. The actual impedance at resonance depends 
on the Q, which can be made very high. 
mv. Nonresonant line sections shorter than quar- 


_ ter-wave and between quarter- and half-wave act 


as almost pure reactances with very low losses. 
nm. This characteristic offers a means of elimi- 


~ nating undesirable standing waves on transmission 


lines by cancelling out the reactive component of 
a poorly matched load. The arrangement is called 
stub matching. 

—o. Stubs also act as impedance transformers 
and are used to make a line of any characteristic 


~ impedance look like the right value to both source 


and load. 
p. Line sections can be used for converting from 


balanced to unbalanced conditions, phase shift- 


ing or inverting, providing time delays, soning 


energy, and switching. 


gq. The chief considerations in the construction 
of line sections are efficiency, stability, and low 
losses, which are relatively easy to obtain in high- 
Q line sections of good physical design. 

7. The Q of a line section used as a parallel- 
resonant circuit can be two to five times that 
attainable with conventional lumped-property 
elements. — 


20. Review Questions — 


a. What is a complex impedance ? 
6. Can distributed properties be used at any 
frequency in the spectrum? 
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c. Give three uses for line sections. _ | 

d. How are the properties of L, C, and R repre- 
sented in a transmission line? 

e. What determines the characteristic ae 
ance of a transmission line? = 

7. What are the phase relationships at the input 


end of a line section if a resistance equal to the - 


characteristic impedance on the line is placed 
across the output end? 

g. Define the term nonresonant a 

‘A. What is the definition of swr mane wave 
ratio) ? 

@ What is the aection coefficient ? 

j. When the input frequency to a line section 
is constant and the line section is shortened, what 
is the effect on the circuit? 

k. Define velocity factor. 

/. If the velocity factor is equal to 875 and the 


frequency is 235 mc, how long will a A/4 line | 


section be at this frequency ? 
m. What are the advantages of a resonant- line 
tank circuit? ‘The disadvantages? 


n. What are the effects of closely spacing large- 


diameter conductors in a two-wire line? 
o. Name three methods of tuning coaxial lines. 


p. What are the effects of ee. on the Q of 


a two-wire resonant line? 

g. What is a metallic resistor? 

r. What is broadbanding? 

s. How is the characteristic impedance of a 
line determined ? | | 

t. What is the purpose of a line-matching stub? 

u. How is a stub used as an impedance trans- 
former ? Explain. 

v. What is a balun? 

w. How can line sections be used for time delay ¢ 
For switching functions? | 





CHAPTER 4 | 
CIRCUIT ELEMENTS—LUMPED-PROPERTY COMPONENTS 


21. Lumped-Property Components 


a. General. A lumped-property component is 


an electronic part in which a definite amount of 


capacitance, inductance, or resistance exists, usu- 
ally with relatively little of either of the other 
properties present. Capacitors, coils, 
sistors used in radio equipment operating at 
_ frequencies below 30 mc generally are lumped- 
property components. For the purpose of this 
manual, it is necessary to make a careful distinc- 


tion between lumped-property components and. 


distributed-property components. Lumped-prop- 
erty components in the 30- to 1,000-mc band are 
used as coupling devices, bypasses, blocking 
devices, and in many other ways. | 

b. Advantages. In circuits where the required 
efficiency, stability, and other factors permit, 
lumped-property components are used in prefer- 
ence to distributed-property circuit elements. 


Lumped-property components are small and com- — 


pact in proportion to the amount of the desired 
_ property they provide. They also are reasonably 
efficient electrically, readily available, and rela- 
tively easy to install, adjust, and replace. All 
of these features make them well suited for use 
In equipment which must be compact, such as 
portable field radio sets, walkie-talkies, and 
airborne communications gear. 
c. Disadvantages. 

(1) As the frequency of operation is raised, 
the electrical loss in lumped-property 
components increases, until a frequency 
is reached where this increasing loss can- 
not be tolerated. The increased loss is 

actually a combination of three distinct 
effects—dielectric loss, r-f resistance loss, 
and radiation loss. 
dielectric materials increases with fre- 
quency, because a definite amount of the 
applied electrical energy is lost in each 
cycle, and the more cycles that occur in 
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and re- | 


Loss in even the best 





(2) 


a unit of time, the more heat is generated 
in the dielectric. 


because of skin effect. 


Some loss occurs in any p-f circuit: be- 
cause of the direct radiation from the > 


parts. This loss usually is neghgible, so 


long as the circuit 1s not more than about. 


149 Of a wavelength in any physical 


dimension. With increasing frequency, . 
however, it becomes impossible to scale 


the components down in physical size in 


proportion to the decreasing wavelength, — 
The addi- 
tion of shielding around the circuit also 
causes energy to be lost in heating the 
shield, rather than by radiation. — | 


and radiation losses increase. 


ad. Upper F requency Limit. 


2) 


(2) 


There is no definite upper frequency | 


limit at which it becomes necessary to 


change over from lumped- to distributed- _ 


property components. In the broad re- 
gion from about 75 mc to perhaps 500 me, 
satisfactory circuits can be constructed 
using either type of component. 
pactness and portability are most impor- 
tant, lumped components are used, but 
where greatest stability and efficiency are 
needed, distributed-property components 


are aioeen. | 
The filter shown in figure 41 consists of — 


lumped properties and is designed to be 
connected to a transmission line between 
the transmitter and the antenna, to pre- 
vent harmonics of the transmitter output 


_ frequency from reaching the antenna and 


- quency. ) 
munication transmitters operating at 30 — 


being radiated. It will pass all frequen- 
cies below about 35 mc, and attenuate 
all frequencies above the cut-off fre- 
This prevents harmonics of com- 


If com- | 





The r-f resistance loss 
also increases with increasing frequency, 

















me and below from interfering with serv- 
ices operating above 35 mc. At the rela- 
tively low cut-off frequency of 385 me, 
either a lumped-property or a distrib- 
uted-property filter can be made efficient 


enough to eliminate almost all of the 


undesired harmonic radiation from the 
antenna. However, if the cut-off fre- 


| quency were in the upper part of the 75- 


to 500-mc transition range, a filter made 
from suitable sections of transmission 


line would be more efficient. There is no - 


electrical reason for not using distributed- 
property circuit elements through the full 
range of frequencies where use of lumped- 
property elements ordinarily is standard. 
The principal reason lumped-property 
components are preferred is that the 


physical size of distributed-property 


elements becomes awkward, except in 
special cases where the elements can be 
folded mechanically, or where space is no 
problem, as in large permanent installa- 


tions. 











Figure 41. eee filter using lumped components. 


22. ‘Capacitors 


as General. 


 A4 


AD) All capacitors, of any size, ee or con- 


struction, have characteristics that cause 
them. to belnver in a way unlike the theo- 
retical ideal capacitor, which would have 
pure capacitance, and no inductance or 
resistance. Practical capacitors actually 
have some series inductance because of 


their leads and internal metallic foil 


plates. This inductance is effectively in 
series with the actual capacitance as 


_ shown in the approximate equivalent cir- 


cuit of figure 42, where C represents the 
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Figure 42. Equivatent high-frequency circuit of a 
capacitor. 


actual saipacitanics, E the inductance of | 
each lead, and F the effective r-f ‘series 
“resistance of the leads and foils. 

(2) Losses in the dielectric are represented by _ 
the shunt conductance, G. Below 10 me, 
this is seldom serious, even in ordinary 
paper capacitors, and in high-quality 
mica and ceramic units it has no serious 


effects at the highest frequencies. Since 


capacitors have a small but significant 
amount of inductance in series with the 
actual capacitance, there must be a reso- 
nant frequency at which the reactances 
of the inductance and capacitance become - 
equal, and cancel each other. The gen- 
eral impedance-versus-frequency charac- 
teristics of a capacitor are shown in figure 
43, for frequencies ranging from below 
to above series resonance. The curve of 
reactance versus frequency for a capaci- 
tor is shown in figure 44. The reactance 
becomes capacitive at series resonance, 
and grows larger as the frequency de- | 
creases. The opposite effect takes place | 
above resonance, where the reactance is 
inductive, and grows larger with increas- 
ing frequency. | 


b. Common Fixed Capacitors at High Fre- 
quency. 'The common types of electrolytic, mica, 


paper, and ceramic capacitors are subject to in- 
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Figure 48. Impedance of a capacitor at frequencies 
above and below resonance. 
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Figure 44. Reactance versus frequency, 


creasing losses as the operating frequency is 
increased. | | 
(1) In electrolytic capacitors, these losses and 


(2) 


(3) 


(4) 


the inductance of the leads and internal 


foil strips that form the plates make them 


practically ineffective as capacitors at fre- 
quencies above a few megacycles. Kven 
in equipment operating in the region 
below 30 me, electrolytic capacitors 
usually are shunted with a suitable value 
of paper or mica capacitor, which by- 
passes the higher-frequency currents 
around the electrolytic unit. 

Paper capacitors also are subject to se- 
rious losses as the frequency is raised, but 
not to so severe an extent as in electro- 
lytic units. 
paper units is large, and causes them to 


become. series-resonant at frequencies 


ranging from 1 to 10 mc, depending on 
the capacitance and lead length. 
Mica capacitors, because of their lower 


losses and smaller series inductance, have 


an extended range of usefulness. Aver- 
age types become series-resonant at fre- 
quencies from 10 to 100 me, depending on 
the capacitance value and lead length. 

Ceramic capacitors are a more recent de- 
velopment and have improved properties 
in certain respects. Their losses are 
often lower than those of mica units, and 


their design permits a much lower series 


inductance. As a result, their series res- 


onance may be as high as 400 or 500 mc 
in some units, and this, together with 

their stability and low losses, makes them 

the preferred unit in many applications. 

Figure 45. shows examples of the common 

types of capacitors described. 


The series inductance of 
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Figure 45. Typical fixed capacitors. 


23. Improvements in Fixed Capacitors 


a. General. Changes in the materials and de- 
sign of capacitors have been made to adapt them 
for more effective performance at frequencies 


above 30 mc. In general, since capacitors do not 


behave as capacitors above their own resonant 
frequency, most of the improvements made have 
been with a view to raising the resonant fre- 
quency. The greatest improvement resulted from 
the development. of ceramic materials that made 
possible ceramic-dielectric capacitors with only 
two plates, as compared with the many inter-- 


leaved foils necessary in paper. and mica units. 


Ceramics also made possible capacitors with var- 
ious temperature: coefficients which can be used 
to improve the stability of critical circuits. | 
6. Material and Design Changes. Various 
ceramic materials, such as barium and strontium 
titanates, have been found to have high dielectric 


. constants and good dielectric strength. By plating 


or firing silver electrodes directly on thin plates 
of this dielectric material, air and moisture are 
prevented from getting between the plates of the 
capacitor. This results in greatly improved sta- 
bility. By varying the mixture of the ceramics, 
the temperature coefficient of the capacitor can be 
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made negative, zero, or positive, as desired. 
Ceramic capacitors then can be used to compen- 


sate for frequency drift caused by changes in | 


other components with changes in temperature. 
Skin effect is reduced by using short, heavy leads, 
and losses caused by surface leakage ai humidity 
are minimized by sealing the surface with a baked 
silicon lacquer. A similar process of plating or 
coating the silver electrode on mica also has been 
developed for the manufacture of mica capaci- 
tors, with: considerable improvement in their sta- 
bility and high-frequency performance. 


24. Improved Variable Capacitors 


Improved designs have increased the efficiency _ 


of variable capacitors for use in the frequency 
range from 30 mc up. Common types of variable 
capacitors become less efficient as the frequency is 
raised, because of 1 Increasing losses in the dielec- 
tric material and increasing r-f resistance loss in 
the leads and plates, particularly in the lead to 
the rotor, which makes a wiping contact with the 


rotor shaft. The resistance and inductance of the 


rotor lead can be reduced somewhat by using two 
or more leads in parallel, but this arrangement has 
‘mechanical limitations. 

a. Butterfly Capacitors. Variable capacitors 


for use at 80 mc and above often are made in the 


| butterfly design (fig 46). The external circuit is 


connected to the two sets of stator plates, and the - 








Figure 46. Butterfly capacitor. 
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rotor serves to increase or decrease the total capaci- 


tance between them. Thus, no r-f current need 
flow through a wiping contact, and the problem 
of inductance of the rotor wiper is removed also. 


The shaft and rotor can be insulated from ground. 


when required, which permits a greater variety 


of applications. Improved dielectric materials, 
such as polystyrene, Teflon, Steatite, and similar 
products, are used as the supporting dielectric ma- 


terial. The effects of the dielectric material on 
the Q of a variable capacitor can be seen in figure 
47, where curves A, B, and C show Q versus fre- 
quency of a typical small variable capacitor. The 
curves for A and B, the higher quality dielectrics, 
decline relatively slowly, whereas the curve for 
dielectric C drops rapidly to such a low value as 
to be prauchy useless above 30 me. 
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Figure 47. Variable capacitor Q versus frequency. 


b. Other Capacitor Designs. Other practical 
variable capacitors for use at frequencies above 
30 me are the tubular and disk types in figure 48. 


Because of the relatively small values of capaci-— 
tance required, these types can be used for neu- 


tralizing capacitors, and for the tuning of tank 
circuits made of line sections. Capacity is varied 
by changing the spacing between the plates and, 
because the plates have large conducting areas 
which minimize r-f resistance loss, the efficiency 
of such capacitors is good. The dielectric mate- 
rial is kept out of the most intense part of the 
field which also helps to produce high Q. 

C. Butterfly- Tuned Circuit. 
improving variable capacitor designs, an improved 


In nodiiaon to 





Figure 48. Tubular and disk variable capacitors. 


circuit consisting of a combined variable capaci- 
tance and inductance (fig. 49) has been developed. 
The interleaved plates act exactly as in the but- 
terfly capacitor, but with an additional effect. 
The two groups of stator plates are connected by 


extensions of themselves in the form of curved 


strips, which act as an inductor ina parallel- tuned 
circuit. When the rotor is turned as in A of figure 
49, so that its plates are no longer intermeshed 
with the stator plates, the capacity between op- 
posite groups of stator plates is reduced. The 
inductance of the curved connecting arms is re- 
duced also, by the proximity of the rotor plates. 
This combination of effects makes it possible for 
such units to tune with good Q across a relatively 
wide frequency range. Connections are made to 
points 1 and 2, as shown in the equivalent circuit 
in B of figure 49. | 





25. Inductors 


a. General. Any two points between which a 
difference of potential can exist may be said to have | 
capacitance. If two points directly opposite each — 
other on adjacent turns of an inductor are con- 
sidered, it is seen that a difference of potential 
can exist between them because of the impedance 
of: the length of the conductor connecting them. 
All inductors have some distributed capacitance 
between turns, which appears as a small capaci- — 
tance in parallel to the external circuit. This 
capacitance is usually so small in proportion to the 
tuning capacitor connected across the coil that it 
can be neglected. As the frequency is raised, 
however, the effect of this distributed omit : 
no longer can be ignored. 

b. Frequency of Maximum Q. Inthe range of 
frequencies where the distributed capacitance can 
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EE igure 49. Butterfly parallel- -resonant tuning circuit, and equivalent circuit. 


be ignored, the inductive reactance increases 
directly with frequency. The r-f resistance losses 
caused by skin and proximity effect, the dielec- 
tric loss, and the hysteresis losses in iron-dust 
‘cores also increase with frequency. The net 
‘result of this behavior is that the Q of practical 
- inductors has a maximum value at some frequency, 
and declines gradually above and below this 
point. The point of maximum Q usually is de- 


signed to fall within the range of frequencies _ 


over which the coil is to operate. 
¢. Self-Resonance. When the applied fre- 


quency is increased to a point where the distributed — 
capacitance of the coil resonates with the induc- — 


tance, a new effect appears. The coil becomes a 
parallel-resonant circuit (fig. 50) to an external 
circuit connected to its terminals. The resistance 
in this equivalent circuit represents the losses 

incurred in practical coils. 


R 
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Figure 0. eaicn: circuit for inductor at high 
. frequencies, 
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d. Impedance and Reactance. The impedance 


| and reactance of an inductor at and near the fre- 


quency of self- resonance is shown in figure 51. 
At resonance, the. impedance i is highest and purely - 
resistive, whereas below resonance it exhibits in- 
ductive reactance, and above resonance, capacitive 
reactance. The impedance curve has the familiar 
shape of tuned | circuit parallel resonance, the 
sharpness of the peak being determined by the 
over-all Q of the inductor and its eistnpeted 

capacitance. | 
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Figure 51. i apeduies of inductor. 














e. Practical Use of Self. Resonnis” “The graph 


of figure 51 shows that any inductor will become 


parallel-resonant with its own capacitance at some 
frequency. ‘This characteristic is used in many 
applications in vhf communications receivers. 
The inductor can be made to resonate with its own 
self- capacitance, plus the tube input, and stray 
circuit capacitance. This eliminates the ‘need 
for a separate tuning capacitor and provides the 
highest possible L-C ratio, the largest load im- 
pedance, and the greatest stage gain. Self-reso- 
nant inductors often are used in the intermediate- 
- frequency amplifiers of communications and radar 
receivers. Such amplifiers are designed to oper- 
ate in the frequency range between 30 and 300 me, 
depending on the requirements of the particular 
radio system concerned. If adjustable tuning 1s 
required, it can be accomplished by varying the 
inductance either by a switching arrangement or 
with an adjustable core (slug) of iron-dust- 
impregnated plastic. | 


(1) A series of inductors is shown in the 


switching arrangement _ In figure 52. 
Such circuitry is often | more compact and 
stable under severe service conditions 
than are more conventional arrange- 
ments with standard: types of variable 
capacitor tuning. . 

(2) A similar use of the self- resonance char- 

acteristic of an inductor is made in r-f 

chokes designed to offer a high impedance 
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Figure 52. Switch inductor used in television tuners. 


over a moderate range of frequencies. 
Such chokes have a medium Q, and are 
self-resonant at the approximate center. 
of the frequency band they are designed 
to block. This provides a relatively high 
impedance across the band with a small 
d-c supply voltage drop. This type of 
self-resonant inductor (fig. 53) is not 
usually adjustable. 
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Self-resonant choke. 


Figure 58. 


7. Design Factors. Many factors must be con- 
sidered in designing inductors for use at very 
high frequencies. Since the inductor must have 
a certain power-handling capacity, the conductor 
size must be large enough to handle the required 
power. The form factor which is the ratio of the 


length of the winding to its diameter influences the 


Q, and therefore must also be maintained within . 
given limits. Dielectric losses and distributed 
capacitance must be reduced to a practical mini- 
mum. The inductance also must be made consider- 
ably smaller in order to resonate with the smaller 
capacitance used at high frequencies and to main- 
tain the required L-C ratio for the particular ap- 
plication. A single turn of wire may provide 
sufficient inductance for this purpose, but a serious 
additional loss is introduced if the length of the 
single turn 1s near the wavelength of the operat- 

ing frequency. When this condition occurs, the 
inductor acts like an antenna and radiates a por- 

tion of its field energy, resulting in a loss of power 
and an attendant reduction of Q. These contra- 
dictory factors make the design of lumped values | 
of inductance more difficult than the design of 
lumped capacitance. Above the 400- to 500-me 
region, lumped-property inductors are impracti- 
cal, and tuned-tank circuits generally consist of 
distribated: -property elements or special lumped- 

property units. 
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g. Practical Modern Inductors, Throughout | 


~ the 380- to 500-me range in which lumped-property 
- inductors may be used, the only type winding 
of practical importance is the slug-tuned single- 
layer solenoid (fig. 54). The bank, universal, and 
progressive windings used for medium- and low- 
' frequency coils have too much distributed capaci- 


ee tance and proximity effect to provide the necessary 


- efficiency. The single-layer solenoid winding is 

also more efficient for use at. the lower frequencies, 

but its size becomes unwieldy and impractical 

_ below perhaps 3 or 4 mc. Even in the single-layer 

- solenoid winding, a careful balance between con- 

_ ductor size, spacing between turns, diameter, and 

length i is necessary to attain reasonable Q in the 
range from 30- to 500-me. 

(1) For frequencies up to 100 or 150 me, ike 

use of powdered-iron cores of appropriate 

characteristics will provide somewhat 

_ Improved Q, and such inductors are com- 

‘mon in equipment operating in this fre- 

quency range. Cores in which the size 

and distribution of the particles of mag- 

netic material are optimum for the fre- 

quency range concerned improve the Q; 

they increase the inductance of the coil 
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Figure o4. Slug-tuned inductor. 
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7 without causing the losses to increase in 
_ proportion. It is important to remem- 
-. ber that cores designed to give optimum 


Q in one part of this frequency region 


will not be equally efficient in another 


part of the band. For this reason, any . 
interchanging or replacement of cores in 
such inductors must be done with caution, 
or the performance of the ae may 


be changed. 
(2) In transmitter circuits, the inductor mus* 


handle considerable power without se- 
rious heating. This requires a coil of 
larger physical size (fig. 55). and usually 
makes the use of iron-powder cores im- 
practical because such cores tend to sat- 
urate magnetically, and lose efficiency as 
the power level increases. In a few spe- 
cial applications, it is desirable to use a 
lumped-property inductor that has ex- 
tremely small change of inductance with 
temperature. The change of inductance 


with temperature in common inductors 


is caused by the thermal expansion of the 
unit as a whole, which usually causes the 
inductance to increase. To minimize 
this effect, special inductors are made of 
metals such as Invar, which have low 
expansion per degree of temperature 
change, as compared with ordinary mate- 
rials such as copper, aluminum, or silver. 
Since the conductivity of Invar and such 
special alloys is low, these coils must be 
plated with copper or silver. The cur- 
rent actually is carried almost entirely 
in the silver or copper plating because 


_ of skin effect, and a high Q results; yet 


the thermal expansion is held to a mini- 
mum. Coils of this type are used mostly 
in measuring equipment such as signal 
generators. and frequency meters, where — 
their added cost is justified by the im- 
proved ‘stability they provide. Slug- 
tuning of equipment operating in the 30- 
to 500-me range can be accomplished also’ _ 
by a tube or cup of metal other than 
iron. This reduces the Q of the coil 


slightly, because the slug acts as a shorted | 


turn or loop of wire coupled to the coil 
by magnetic linkage. In circuits where 


- extremely high Q is not required, such a 


slug is used for adjusting the inductance 
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Figure 55. Air-wound self-supporting transmitting 
inductor. 


of the coil, and thus tuning the circuit 
over a moderate range. 


26. Resistors 


a. General. The effects of increasing frequency 
on the performance of some types of resistors are 
such that the resistors cannot be used efficiently 
at frequencies of 30 mc and upward. Wire-wound 
resistors that are used at low- frequencies become 


useless above this range because of unavoidable ~ 


inductance and capacitance, which introduces un- 
wanted reactive or resonant effects. Therefore, 
composition resistors made of finely divided car- 
bon in a suitable binder are most iS Commouly used 
in this frequency range.. 

(1) For = practical purposes, the simple 
equivalent circuit shown in figure 56 
illustrates the effective impedance of a 
composition resistor at high frequencies; 
this equivalent circuit generally is used 
in the design of vhf and uhf circuits. 2, 
is the reciprocal of the conductance and 
is referred to as the parallel resistance. 
The total effective capacitance, C, is 
caused by the capacitance between the 
leads, and the effect of distributed capaci- 
tance. A generally accepted theory sug- 

— gests that, at very high frequencies, a 
carbon resistor behaves much like a 
closed-end transmission Tine half as long 

as the resistor. 

Laboratory measurements of commercial 
composition resistors agree fairly well 
with theoretical predictions for frequen- 
cies up to 200 mc. Above this frequency, 
the performance begins to depart from 


~~ 


e 


~ that predicted by theory beeaed of addi- °° 
tional dielectric losses in the material — 


which holds the carbon particles together. 


_ These losses cause a decrease in the effec-. - 


tive r-f impedance. 


tance depends largely on the physical 
shape and size of the resistor, increasing 


as the cross-sectional area is rnoneased: or 


as the length is decreased. For Scanple: 
the measured resistance of some 1-watt, 
10,000-ohm commercial resistors at 60 mc 


ranges from 6,700 ohms to 9,100 ohms, | 
depending on their design and physical _ 


characteristics. In general, resistors be- 
low about 10,000 ohms exhibit a smaller 


‘percentage decrease in resistance value — 


with increasing frequency than do the 


_ larger resistance values. | 


Rp 





Figure 56. 


(3) 
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Equivalent circuit for composition resistor at 
high frequencies. 

The theory summarized above does not 
describe the behavior of the so-called fila- 
ment type resistors. These are made with 
a coating of the resistive material on the © 
outer surface of a small glass tube, the 
entire structure being inclosed in an outer : 
insulating sleeve of molded insulating 
material. The leads connecting to the 
resistive coating are allowed to extend 
inside the glass tube until the ends almost 
meet at the center. This construction is 


used so that the lead wires can aid in © 


carrying away the heat generated in the | 
resistor body. The effect on the per- 
formance at vhf is to add considerably 
The designa- 


more shunt capacitance. | 
tion filament type for resistors of this— 
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The value of capaci- 











construction is rather misleading, since it 
refers to the thin filament appearance of 
the resistive-material-coated glass tube, 
which cannot be seen after the outer 
molded insulating coating is in place. 
A cross section of such a resistor is shown 

in figure 57. : 
(4) The method of mounting a resistor may 
also affect its performance because of 
additional shunt capacitance between one 








duce the eapasitanes and inductance. This mini- 
mizes the undesirable reactive effects as the fre- 
quency changes" and permits the effective im- 
pedance to remain more nearly constant. 

(1) A modification of the filament type re- 
sistor has been. developed that eliminates 
the bulky end caps and the part of the 
leads extending within the glass tube. 
This reduces the distributed capacitance 
as well as the impedance change with 


or both leads and ground. Figure 58 frequency. Modified filament resistors 
COPPER GLASS GAP BETWEEN RESISTIVE INSULATING COPPER 
TUBE LEAD ENDS MATERIAL JACKET LEAD WIRE 


» LEAD WIRE 





| | _ | TM 667-412 
? Figure 58. Equivalent circuit for resistor, 
capacitance to ground. 


including 


. shows these values represented by (, and 

| bs Cy, and Cz is the total end-to-end capaci- 

i tance of a unit mounted parallel to and 
fairly near a chassis or a metal shield. If 
one end of the resistor is grounded, 
either C, or C; disappears, but the length 
of the ungrounded lead has a sharp effect 
on the total capacitance. Care must be 
taken that C. does not become large 
enough to act as a capacitive shunt to 
ground. 

6. Speccalized Types. Special types of composi- 
tion resistors which have fairly good high-fre- 
quency properties have been developed specifically 
for such appheations, The primary aim is to re- 
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Figure ov. Filament type resistor. 


are. available in high-resistance values 

and in larger sizes, with power ratings 

| up to 90° watts. The characteristics of 

| these resistors make them useful in the 
frequency range up to about 200 me. 

(2) Resistors having very low reactance often 
are required for use at frequencies up to 
1,000 me and higher. For values up to 
600 ohms, resistors are made which con- | 
sist of a sheet of low-loss phenolic plastic 
coated, with a thin film of resistive ma- 
terial. The specific resistance is stated 

in ohms. per square, because a square piece 
of this material, no matter what its s1ze, 
has the same resistance from the whole 
length of one edge to the whole length of 
the opposite edge. Contact to the resistor 
is made. through metallic paint applied 
to its surface in a line along opposite 
edges. Disks of this material frequently 
are used. as low-reactance shunt resistors 
built into devices for terminating coaxial 
transmission lines carrying vhf or uhf 
energy. The disk is cut to size from a 
sheet of the material which has the ap- 
propriate resistance to match the char- 
acteristic impedance of the line; thus 
reflections are minimized. 
“( 3) Resistors made by depositing a thin layer 
of pure, Maes divided carbon or a car- 











-bon-boron mixture on the. surface of a 


ceramic or glass tube have been developed 
fairly recently. In general, they pro- 
vide improved performance characteris- 
tics at all frequencies, particularly as to 
stability, and show less change in im- 
‘pedance with InGronSig frequency. — 


27. Miscellaneous Components and 
| ‘Materials 


a. Dielectric Losses. : 
power losses, moisture absorption, surface leak- 
age, and similar effects, common insulating 
materials such as rubber, cotton, porcelain, and 
bakelite are impractical for use in high-imped- 
ance circuits in the 30- to 1,000- -me range. In- 
stead, materials with much lower loss factors must 


be used if reasonable circuit efficiency is to be | 


obtained. Steatite, polystyrene, Teflon, polyeth- 
ylene, and various silicon compounds are among 
the dielectric materials used for insulation at fre- 
quencies above 30 me. Efforts also are made to 
keep the physical bulk of insulation in the actual 
electric field small, and to keep the material out 
of the more intense part of the field when possible. 
6. Surface Leakage and R-F Resistance. Wide 
use is made of lacquers containing silicon com- 
pounds, which reduce surface leakage under high- 
humidity conditions by breaking up moisture 
films into individual drops. Tubes and other com- 
ponents are placed close together and shorter 
conductors are used for circuit wiring to reduce 
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Figure 59. Typical switch for vhf. 





Because of increasing - 


stray capacitances and inductances. 
conductors, as well as the soldering lugs and con- 
tacts on tube sockets, plugs, switches, and every- _ 
thing in the r-f path, are silver-plated to reduce 
their r-f resistance and skin-effect losses. The 
physical arrangement of metal in switches, plugs, 
jacks, and small parts is such that their parallel-_ 
lying sections offer high distributed capacitance. 
Despite ceramic insulation, silver-plating, and 
improvements in design, such components > 
seldom are practicable for use in the r-f path at 
frequencies above 300 me, since they are likely to 
cause high losses, shunting, or undesired resonant, 
circuits. 
ates at about the highest. frequencies at which 
mechanical switching of high impedance circuits 
is practical. 





28. Summary 


a. Lumped-property components are electronic 
parts in which definite amounts of one specific 
property are concentrated. | . 

6b. Lumped-property components are physically 
small and convenient to use in proportion to the 
amount of the property they provide, but their 
electrical losses increase with frequency until a 
frequency is reached at which they are useless 
for practical circuit purposes. 

c. The losses appear as heat caused by a com- 
bination of dielectric loss, r-f resistance loss, and 
radiation loss. e : 

d. Lumped-property components are used 
widely as circuit elements at the frequencies be- 
low about 500 me, but there is no definite frequency 
at which their use becomes impractical because of 


| losses. 


e. Lumped components are adopted Sides small ~ 
size and portability of equipment are paramount, 
whereas distributed components are chosen where | 
maximum stability and efficiency are needed. 

f. All practical capacitors possess small amounts 
of series inductance and r-f resistance, causing an 
effect of series resonance at some frequencies where 
the reactances become equal and opposite. 

g. All types of fixed capacitors suffer increasing 
losses as the working frequency is raised. 

h. Common paper capacitors usually become 
series-resonant at some frequency between 1 and — 
10 mc and the losses are relatively high. Average 
mica types become series-resonant at frequen- 
cies between 10 and 100 me, and ceramic capacitors 
become selfresonant at frequencies ranging from 
about 30 to 500 me. | 
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Often the _ 


Figure 59 illustrates a switch that oper-- 














~ 4 Common variable capacitors are subject to 


higher losses as the operating frequency is in-— 


creased, because of increasing dielectric losses and 


 y-f resistance in the leads and plates. 


j. Improved designs, such as the butterfly, 


-- tubular, and disk capacitors, and low-loss dielec- 


tric materials, result in higher Q at frequencies 
above 30 me. 

_k. The butterfly ea pacitor: with added built-in 
- parallel inductance is used as a tuned-tank circuit 

of high efficiency. 

1. The distributed capacitance between turns of 
practical inductors is of negligible importance at 
- the lower frequencies but, as the operating fre- 
/ quency is increased, a point is reached where the 
coil becomes parallel-resonant with its own capaci- 
tance. 


m. The losses resulting from r-f resistance (skin | 


and proximity effects) and dielectric loss, as well 
as hysteresis losses in iron-dust cores, increase with 
frequency. 


n. The Q of practical inductors has a maxi- | 


mum value at some particular frequency, above 

_and below which it declines gradually; inductors 

usually are designed to have the frequency of 

maximum Q fall within the operating range. 

_ 0. The design of inductors for use at frequencies 
above about 30 mc is complicated by factors such 

_as power-handling capacity, form factor, loss re- 


duction, and the necessity for making the induct- | 
ances considerably smaller while maintaining the 


desired L-C ratios. 


p. The only practical type of winding for the 


30- to 500-mce range is the single-layer solenoid 
~which, by careful design, may be made to have 
reasonable Q at these frequencies. 

 q. To reduce the change in inductance caused 
_ by thermal expansion of coils, special inductors 


are constructed of alloys with low coefficients of. 


expansion, such as Invar. Since these alloys usu- 
ally are poor conductors, they are plated with 
copper or silver to a depen sufficient to carry most 
of the current. 

7. At frequencies above a few megacycles, the 
effective impedance of ordinary types of carbon 
composition resistors decreases as the frequency 
is increased, because of the effects of distributed 
capacitance and of capacitance between leads. 

s. Wire-wound resistors cannot be used at high 
frequencies because of unavoidable inductance and 


capacitance, which introduces unwanted reactive 


and resonant effects. 
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7 The manner in which a resistor is mounted 
has a considerable effect on its performance, be- 
cause of the added capacitance of the leads and 
body to the ground. 

u. Resistors constructed of law: reactance films 
of resistive material coated on sheets of low-loss 
phenolic plastic may be used at frequencies as high 
as 1,000 me. This type of resistor often is cut to 
disk shape and used to terminate a transmission 
line in its characteristic impedance, for the pur-— 
pose of minimizing reflections. | 

v. Dielectric materials commonly ged at lone 
frequencies, such as rubber, cotton, and Bakelite, — 
have such high losses in this frequency range that 
lower-loss materials, such as polystyrene, Teflon, 
polyethylene, and Steatite must be used. 

w. Surface leakage is held to a minimum by 
use of moisture-repellent lacquers. 

_@. Unwanted lead inductance and r-f resistance 
are minimzed by using short, heavy connections, _ 
and silver-plated conductors where necessary. _ 

y. Switches, sockets, and connectors are 
mounted physically in ways that minimize stray _ 
capacitance. : oo : 

z. Switching of high- impedance circuits carry- 
ing r-f signal energy becomes inefficient and often 
impractical above about 300 me. | 


29. Review Questions 
a. What are the advantages of lumped compo- oe 
nents in a high-frequency circuit # The dis- — 
advantages? — | 
6. What is the upper- ee ceacy limit at which 
it becomes necessary to change over from lumped 
to distributed components ? | 


c. What determines the series resonance of a | 


capacitor? 7 
d. Why are mica and ceramic capacitors used 
at the higher frequencies? | 
_e. Describe a butterfly capacitor. 
7. How are self-resonant inductors used in high- 
frequency circuits? _ 
g. What factor determines thé design of in- 
ductances for use on the higher frequencies? 
h. What effect do powdered-iron cores have on _ 
inductors used on the high frequencies? _ | 
2 Draw a diagram showing the equivalent cir- _ 
cult of a composition resistor at. oy high 
frequencies. | | e 
jy. Why must materials with jot fisleeae loss 
be used at the higher frequencies? | 
k. How can lead inductance and r-f resistance 
be minimized? 
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Section IL FACTORS AFFECTING TUBE PERFORMANCE 


30. Introduction | 


a. Although the basic principles of vacuum- 


tube operation are unchanged, certain factors 
which can be disregarded in tube operation below 
30 mc become important at higher frequencies. 
The inductances of the electrode leads and the 
- eapacitances between electrodes are very small, 
but at higher frequencies their reactances become 
significant... In addition, electrons do not travel 
instantaneously from the cathode to the plate, but 
require a finite transit time. This causes an in- 


phase grid current to flow, even though the grid _ 


is negative, and results in a loading effect across 
the input that reduces over-all gain in all classes 
of tube operation. 

6. Skin effect: in the alceiieded. ond electrode 
leads causes the r-f resistance to increase with 
frequency; dielectric losses in the insulating elec- 
trode supports are increased, and some power is 
lost by direct radiation from the electrodes and 
their leads. ‘The effect of these factors is to cause 
tube efficiency to become progressively lower as 
the operating frequency is increased. For ex- 
ample, a tube operated as an amplifier at 50 me 
will give less output for a given signal input 
than it will at 5 mc, even if the external circuits 
are equally efficient at both frequencies. Also, 
since these losses increase with frequency, there 
is a practical upper frequency limit, beyond which 
the tube is not useful as an amplifier. If the 
same tube is operated as an oscillator, the high- 
frequency limit of operation will be about two- 
thirds to three-quarters that of the limit as an 
amplifier, because the tube can no longer supply 
sufficient output to make up the increased losses 
and still provide a useful output signal. 

~ ¢, These effects always are present in a vacuum 
_ tube, no matter what the operating frequency but, 


as the frequency is raised, the effects increase and: 


become so large that they place an effective upper 





limit on useful operation. Although it is not nec- 
essary to learn new operating principles, it is 
important to understand how and why these char-’ 
acteristics which were previously disregarded 
become major limitations at frequencies above 30 
mec. As the wavelength is made shorter, it be- 


~ comes comparable in length to the physical length 


and spacing of tube electrodes and leads. The 
apparent solution to this difficulty is to scale down | 
the entire tube structure. There is a practical - 
limit to this, however, governed by the power- | 
handling capacity which is required. New tube 
designs have been developed which successfully 
overcome one or more of the limitations without 


requiring such a drastic size reduction that mass- 


production methods of manufacture become 


impractical. 


31. Interelectrode Capacitance’ and Lead 
Inductance 


a. General, | 

(1) Since any two points between which a 
difference of potential can exist are said 

to have capacitance, a small but signifi- 
cant value of capacitance must exist 
between any element of a vacuum tube 
and each of the other elements. Addi- 
tional capacitances exist between the 
leads, particularly in those tubes in | 
which the leads are brought out through 

a common stem to the base. When the 
tube is operating with normal applied 
voltages, the effective capacitances be- 
tween electrodes are different from the 
capacitances when the cathode is not 
emitting. These differences are caused _ 
partly by expansion of the parts when > 
the tube heats and partly by the electron | 
stream. When the tube is cold, the dielec- 
tric between electrodes is mostly vacuum, 
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_ but in operation this vacuum is partially 


filled with a stream of electrons which 
results in a change in the dielectric con- 
stant. Naturally, this changes with vari- 
ations in the electron stream. The ca- 
pacitance: values are measurable, and are 
listed in most tube characteristic tables. 
The figures given are generally cold 
capacitances. The input capacitance is 
measured between the input electrode 


(usually the control grid) and all the 
other electrodes connected (except the 


output electrode, which is grounded). 
The output capacitance is measured simi- 


larly; the input electrode is grounded, 


and capacitance is measured between the 


- output electrode (usually the plate) and 


(2) 


all the other electrodes connected (ex- 
cept the input electrode). The actual 
capacitance values vary considerably for 
different types and sizes of tubes. 

Since any conductor possesses self-induc- 
tance, the internal leads to the tube ele- 
ments and the elements themselves, as 
well as the tube pins, will have some in- 
ductance. For example, within a tube 
operating above 30 me, circuit calcula- 
tions must. take into consideration the 
effective values of inductance. This in- 
ductance is in series with the plate, grid, 


‘and cathode, and although the actual 
inductance of a lead is usually no more ~ 


than one or two hundredths of a micro- 


_ henry for receiving tubes, the reactance 


b. Effects. 


(1) 


* capacitor. 


offered at frequencies of several hundred 
megacycles becomes appreciable. 


General. 
is practicable to consider the Colpitts os- 
cillator circuit (A of fig. 60) as a vacuum 
tube plus an external circuit, and to con- 
sider the effects of these separately. The 
interelectrode capacitances and the lead 
inductances are so small in comparison 
with the values of the lumped compon- 
ents in the exterior circuit that they may 
be ignored, and any slight effect they 
have is tuned out easily by the variable 
To raise the operating fre- 
quency without’ changing the tube, it is 
necessary to decrease the inductance and 
capacitance of the frequency-determin- 


At frequencies below 30 me, it 


- eitance 





| ing resonant circuit. As the frequency - 
increases, the lumped components will: 


have smaller values, and the interelec- 
trode capacitances and lead inductances 
become important. For example, the 
grid-cathode capacitance is in shunt with 
the lumped-property grid-circuit capaci- 
tor, limiting the minimum value of capa- 
in the tuned circuit. If a 
resonant line section 1s used as the ex- 
ternal circuit element, as in B of figure 
60, it is no longer possible to regard the 
arrangement as a vacuum tube and an 
external circuit. The grid-plate capaci- 


~ tance. of the tube is shunted across the 


resonant line section and the grid and 
plate lead inductances are in series with 
it. This has the same effect as if part 


of the external circuit had been pushed — 


within the tube. Therefore, the arrange- 
ment must be considered as a single cir- 


cuit with one part operated in a vacuum. 
Actually, the circuit-plus-tube must be 


considered as a single circuit as soon as 
the frequency is high enough to make it 
necessary to compensate for tube effects 


in the design of the resonant circuit. If 


™~ 


the operating frequency is increased still _ 


further, the length of the resonant line 
section becomes shorter. Eventually, a 


frequency is reached at which the inter- 


electrode capacitances resonate with the 


- inductances of the leads when a short, 


straight piece of wire is connected across 
the grid and plate pins. This condition 
is shown | in C of figure 60; the circuit is 


— still essentially a Colpitts oscillator. 


The frequency at which this occurs is 
called the apparent maximum operating 


frequency. 


(2) 


Cathode lead inductance degeneration. 
The inductance of the cathode . lead 
usually is considered the most important 
of the lead inductances, because the vary- 
ing components of both the grid and 


plate circuits flow through this lead. 
The amplified plate current J, (fig. 61), 


_ which is approximately 180° out of phase 


| voltage, Ey is applied across the grid 


with the grid voltage, flows through the 


voltage - drop, Kix. When the input 


cathode. lead inductance and causes a . 








G 


T™ 667-50! 
Figure 60. Effects of tube reactances as frequency is | 


increased. 


and cathode leads, it is opposed by this 
drop in the cathode lead inductance. 
Therefore, the input voltage which ac- 
tually appears across the grid and 
cathode is less than the applied signal 
voltage. Since the reactance of a 1-inch 


cathode lead, 025 inch: in diameter, 1s 





62.8 ohms at 500 me, the loss occurring - 
in this manner becomes serious. . In gen- 

eral, the effect of the inductive reactances 
of all the leads is to create r-f voltage — 


drops in series with the electrodes. More | 


important, however, is their effect in con- _ 
junction with the interelectrode capaci- | 
tances. The two reactances produced: — 
within the tube both simple and com- 
plex impedance paths, which tend to 
reduce the impedances offered at the tube 
_ terminals. | 


TM 667-502 


Figure 61. Effect of cathode lead inductance on signal 
voltage. | 


32. Transit Time 


a. Signal Losses: Transit time is the length of 
time it takes an electron to travel from the cathode 
to the anode of a vacuum tube. When the fre-— 
quency is increased, the time of 1 cycle is short- 
ened progressively, and the transit time can be- 
come a definite portion of the cycle. During this 
part of the cycle, the applied signal on the grid 
may go from positive to negative, or from an in- 
creasing to a decreasing value. ‘The flow of elec- 
trons past the control grid causes to be induced 
in that electrode a current which may flow into 
or out of the grid, depending on the relative grid 
voltage. The current flow absorbs power from 
the input signal, even though the grid is always © 
negative, and has the same effect as 1f a shunt 
resistance and a shunt capacitance were connected 
across the grid and cathode of the tube. The 
loss of signal energy brought about in this man- 
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ner is the most important effect of transit time, 
and the loss increases as the frequency increases. 
0b. Plate Current Effects. The larger transit 
time at higher frequencies causes the plate cur- 
rent to lag the plate voltage and distorts the plate 
current curve. In tubes operated in class B or 
class C, the electrons emitted from the cathode at 
different times during the signal pulse have differ- 
~ ent transit times because of the effect of the vary- 
ing grid potential on the electron stream. Also, 
the electrons that are still flowing when the plate 
goes negative are slowed down and finally some 
are turned back toward the cathode. The elec- 
_ trons approaching the negative plate induce a 
positive plate current. As shown in figure 62, 
_.this results in a tail on the plate-current curve. 
When all of the electrons have been stopped and 
turned away from the plate, they induce a nega- 
tive plate current which flows for part of the 
cycle. The positive plate current generally flows 
for longer than a half cycle when transit time 
becomes appreciable. Since a longer plate-cur- 


_ rent pulse increases the plate losses, the net effect — 


isa reduction of amplifier efficiency. In an oscil- 
lator, the voltage phase is fixed by the plate- “grid 
coupling, and this lag of plate current results in 
a serious loss of output power. If the transit 
time is made still larger by increasing the fre- 
quency, the tube eventually will cease to oscillate. 
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Figure 62. Charges induced on plate by electron in transit. 
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— ¢. Screen-Grid Tubes. The transit-time effects 
of screen-grid tubes are somewhat less pronounced | 
than those of triodes because the screen grid is 
maintained at a fairly high positive potential. 
This gives a more uniform acceleration to the 
electrons after they pass the control grid and 
reduces the tendency of that electrode to cause 
varying transit times. There is still some length- 
ening of the plate- current pulse, however, with 
resultant losses. _ | 

ad. Back-Heating of Cathode. The effect of 
back-heating occurs when a number of electrons 
are caught in the grid-cathode space at the instant 
when ‘plate current normally would be cut off in 
low-frequency operation. A considerable frac- 
tion of the electrons are forced back to the cathode 
by the negative field at the grid. The energy they 
expend on striking the cathode causes heating. 
As the transit time increases with higher frequen- 
cies, the back- heating supplies an appreciable 
amount of the power required to heat the cathode 
for normal operation, so that the filament current 
must be. adjusted to conditions within the tube. 
This effect is important only in a few amplifier 


tubes operated between 500 and 1,000 me, such as 


the 4X150A, and in magnetrons used in radar 


work. The life. of the cathode may be shortened 
by excessive electron bombardment. 


33. Tube impedances and Gain 


al nput Impedance. 

(1) When a vacuum tube is Pepetien in 
the conventional way, the input signal is 
applied between the control grid and 
cathode. At frequencies up to 25 or 380 
me, the impedance seen by the external 
circuit which supplies the input signal is 
effectively the reactance of the capaci- 
tance between grid and cathode. Because 
this capacitance is in parallel with the 
capacitance of the external tuned circuit, 

it can be considered a part of it. The | 
total capacitance in parallel with the in- 
ductance of the coil forms a parallel-— 
resonant. circuit, and the effective im- 
pedance the signal sees between grid and 
cathode is a large value of almost pure 
resistance. As the frequency is increased, 
however, this situation gradually 

, changes. The reactance of the cathode- 
lead inductance common to both plate 
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and grid circuits becomes significant, and 
the transit time becomes a more consider- 


able fraction of the time of 1 cycle of the 


signal voltage. The effect of these two 


factors is as if a resistance had been con- 


nected in parallel with the input tuned 
circuit, as shown in figure 68. The value 
of this effective input resistance decreases 
with an increase in frequency for any 


_ tube, and it is the most important com- 
ponent of the input impedance of the 
tube. The value at a given frequency 


(2) 


depends on the tube characteristics, and 
is different for different tubes. The 
reciprocal of the input resistance, 1/R, 
is called the znput conductance. Tf a 


resonant circuit is used at the grid-circuit 
_ impedance of an amplifier, the effective 


input resistance of the tube in shunt 
with it lowers the Q, reduces the selec- 
tivity, and also reduces the signal volt- 
age applied to the grid of the tube. This 
is particularly important in receiving 
circuits, o> | 

The phase shift between grid and plate 
circuits is affected by the tube reactances 
so that it is almost never the 180° which 
is expected at lower frequencies. In an 


amplifier this is not serious, since the cir- 
cuit can be neutralized, but in an oscil-. 


lator depending on plate-grid feedback 
to sutain oscillation the result may vary 
from loss of efficiency to complete stop- 


‘page of operation. The capacitive com- 
ponent of the tube input impedance be- . 


comes a part of the total shunt capaci- 
tance of the tuned-grid circuit. Thus, 
the effect on circuit performance is not 


_serious, unless it is so large that an un- 
favorable L-C ratio is produced. How- — 


ever, the changes in value of the input 
capacitance when the electron stream 
changes with signal or bias may change 


the resonant frequency of the grid circuit — 


by asignificant amount. Ini-f amplifiers 
operating at 40 me or above, the inductor 
is often a coil which resonates with its 
own very small distributed capacitance. 
Since the distributed capacitance is in 
parallel with the tube input capacitance, 
a variation of 2 or 8 micromicrofarads 
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Figure 63. Effective input impedance. 


_ in the tube input capacitance will have a 


considerable effect on the resonant fre- 
quency of the grid circuit. This effect can 

be neutralized by placing an unbypassed - 
resistor between cathode and ground. In. 
triodes, the grid-plate capacitance also is | 
a strong factor in determining the input 
impedance because of the positive feed- 
back introduced when the stage is not 
neutralized. In pentodes, this feedback 
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is small, and the cathode lead inductance 
and transit time are of greatest impor- 
tance. The input resistance of a typical 
pentode may be 20 megohms at a fre- 
; quency of 1 me, but only 2,000 ohms at 
100 me. 

Ob ba Impedance. The r-f component of 
current flowing in the plate-circuit bypass capaci- 
tors and the plate-cathode capacitance of the tube 
would be exactly out of phase with the voltage, 
and would not cause a power loss if these capaci- 
. tances had no resistance. Skin effect in the tube 

leads and the dielectric losses at the glass seals, 
however, cause this current to be partially in 
phase with the voltage, and cause a power loss. 
The effect is as if a resistance had been connected 
across the plate and cathode terminals of the 


tube, in parallel with the output capacitance exist- | 


ing’ betwrosnthe plate and all other elements and 
eround. This combination in parallel with the 
plate resistance forms the output impedance of 
the tube, and shows the same decrease with in- 


creasing frequency that oceurs in the input im- 


pedance. The resistive component of this output 
impedance is in shunt with the plate-tank circuit, 
and naturally causes some loss of Q and selectivity. 
Gain and power output are reduced, because the 
resistive impedance of the tank circuit decreases 
in comparison with the value of the internal plate 
resistance of the tube. The equivalent shunt out- 


put resistance at various operating frequencies 


is shown in figure 64 for 6C6 which is an older 
tube type, and for a 954 acorn pentode. This 


shows that the acorn type, because of its smaller 


interelectrode capacitances and lower lead induct- 
ance, has higher shunt resistance and, therefore, 
performs better at any frequency plotted. These 
relationships between the two tubes hold true also 
_ for the input resistances. 

c. Tube-Reactance Limitations on Gain. The 
maximum attainable voltage gain for each stage 
in a given circuit depends on several tube factors. 
These include the transconductance, the input grid 
resistance, the grid and plate capacitances to 
- ground, and the effective plate resistance. The 
transconductance, gm, which is equal to the ampli- 
fication factor divided by the plate resistance, is 
a good measure of the tube merit, and a high value 
is desirable. More important for most purposes, 
however, is the figure of merit. This is a term in 
- general use, but considerable confusion exists be- 
cause it has been applied to at least three different 
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Figure 64. Equivalent shunt output resistances versus 
frequency for conventional and acorn pentodes. 


ranttOe: Therefore, for the purpose of this manual, 


the figure of merit is defined as the ioueeandiee, 


400 600 


ance divided by the total of the interelectrode | 


capacitances. 
Im 


igure of merit = ———___ 
Opieacieserias 


The gain of a stage for a given bandwidth is ap- 
proximately proportional to the figure of merit 
By the formula, a higher figure of 
merit is obtained if the interelectrode capacitance 
can be reduced; consequently, the gain is directly 
affected. Furthermore, for reasonable gain, it is 
necessary to have a fairly high impedance in the 
circuit connected to the grid. As the operating 


' frequency is increased the input resistance de- 


creases, and the effective grid circuit impedance | 


is reduced below the required value. To maintain 
the same wide-band response and the same volt- 
age amplification at a higher frequency, the ratio 
of transconductance to input resistance must be 
reduced. The input resistance of the tube must 
be made larger. 


34. Reducing Tube Readianiede 


Since the tube wemsiante cantiot be increased by 
circuit changes, because the ratio of transcon- 
ductance to input resistance is fixed, the design 
of the tube must be changed. ‘At given spacings 
of electrodes, the limitation in highest operating 
frequency is influenced by operating voltages, and 
it generally is not practical to raise the voltages 


_ above a reasonable limit, because the ratings of the | 


tube may be exceeded. The other alternative, size 
reduction, has been effective, within limits. For 
example, dividing all the linear dimensions of a 
tube structure by a constant of four will result in 
the lead inductances, the interelectrode capacti- 
tances, and the transit time of the electrons be- 
tween electrodes being divided by four. The tube 
transconductance, amplification factor, plate re- 
sistance, and electrode currents, however, will 
remain practically the same, even though the new 
tube is only one-quarter the size of the original. 
The allowable plate dissipation and the available 
cathode emission will be divided by 4%, or 16, 
and the current densities will be multiplied by 16, 
which is important in power amplifier or trans- 
mitting tubes. In practice, not all of the dimen- 


sions of a tube are reduced by the same amount: 


because of various factors, including economical 
commercial production. The electrode leads are 
shortened, but usually they are made larger in 
diameter in order to reduce the self-inductance. 
Some types have double leads, which are connected 
in parallel to reduce the inductance. Part of the 
interelectrode capacitance in larger tubes results 
from the practice of bringing the leads out parallel 
to each other through the glass stem at the base of 
the tube. Arrangements that separate the leads, 
such as the acorn and other types, achieve a con- 
siderable reduction in interelectrode capacitance 
and nearly all that remains is between the elec- 
trodes themselves. Further scaling down is the 
only means of decreasing this. The grid-cathode 
spacing is particularly important in obtaining 
good characteristics at higher frequencies. 
WE 404A and WE 417A types this spacing is so 
close that it is necessary to machine down the 
cathodes after they are coated, to eliminate bumps 
which could cause a nonuniform electric field. In 
another tube structure the problem of lead induct- 
ance and interelectrode capacitance is solved by 
incorporating the electrode leads, which are low- 
inductance disks, into coaxial-line sections, which 


_be expected from this source. 


Inthe | 





may. be external, or built into the tube. This is 
the disk seal, or lighthouse type, which is particu- 


larly efficient at frequencies in and above the 30- 


to 1,000-me range. 


35. Reducing Transit-time Effects 


Transit-time effects can be minimized by scaling 
down physical dimensions and increasing. oper- 
ating voltages. 


usually have close interelectrode spacing. Many 
transmitting types are very small in proportion. 
to their power ratings and are cooled by water or 
forced-air draft. Where close spacing is utilized, 
the cathode-grid distance is particularly impor- 
tant. Preventing the electrons from leaking from 
cathode to plate around the ends of the control-— 
grid supports is important, since such leakage 


would result in very large transit times and 


lengthen the tail of the plate-current pulse. 
Finally, pentode or screen-grid tubes with their 
naturally shorter transit times may be used in 
place of triodes. 


36. Dieleciric Losses 


Wherever dielectrics are subjected to the in- 
fluence of strong, varying electric fields, molecu- 
lar movements result in heating, which constitutes 
a form of loss known as dielectric hysteresis loss. 
Since insulators are required to support the elec- 
trodes and since it is economical to use glass for 
tube envelopes, a certain amount of loss must 
Hysteresis losses 
in dielectrics are ordinarily proportional to the 
operating frequency and they may become appre- 
ciable if a tube is operated at a sufficiently high 
frequency. Part of this problem is solved when 
tubes are scaled down physically for improved 
performance because the support sizes are reduced 
also, which means that less dielectric is left in the — 
electric field. Proper positioning of the electrodes, | 
to place the insulators at points of low electric 
field, also helps, as does the use of lower-loss ma- 
terials. Losses in the outer glass envelope are 
usually relatively small, except at the seals where 
the electrode leads are brought out. Here the 
heating effect is particularly strong where the 
electric fields are concentrated in a small area of 
glass. Since each cycle causes a certain amount of 
heat, doubling the frequency doubles the heat. 
In addition to this, more heat is conducted along 
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Miniaturization is utilized widely _ 
and amplifiers designed for use above 30 me 








the leads from the electrodes, which may be oper- 
ating at very high temperatures, and a thermal 
- problem is created. Not only must the glass used 
at the seals be low-loss, but it must be capable of 
withstanding large amounts of heat without 
softening or undergoing chemical breakdown. ~ 
Glass made of lithia borosilicate has excellent loss 


characteristics and is used widely. A soda-alum- 
borosilicate glass with added uranium often is 
used between tungsten leads and pyrex envelopes 
to provide good heat properties, low. losses, and 
expansion matching. A type of glass iaion as 


nonex frequently is used in power tubes and for 


sealing to tungsten leads. Another factor which 
helps to reduce dielectric hysteresis losses at the 
seals is the use of large-diameter leads. If the 
center of the lead is considered as the point source 
of the electric field, the glass surrounding a large- 
diameter lead is farther away and subjected to a 
lower intensity than the glass surrounding a lead 
of smaller diameter. 


37. Skin Effect 


When vacuum tubes are operated at frequencies 


above 30 me, all r-f currents, because of skin ef- 


fect, flow in thin layers on the surfaces of the 
lectradee and leads. Since the r-f resistance of a 
conductor of given diameter, such as a plate lead, 
increases as the frequency is increased the only 
practical means of reducing losses from skin ef- 
fect is to increase the diameter of the leads. This 
does not reduce the skin effect because the depth 
to which the current penetrates depends only on 
the frequency and the conductor material, but it 
does increase the cross-sectional area of the part 
in which the current travels, reducing the effective 
resistance. Therefore, when a tube is designed 
to operate at higher frequencies, heavier leads 
are used to provide approximately the same ef- 
fective resistance as that obtained with smaller 
leads at lower frequencies. 
of heavier leads offers somewhat lower lead induct- 
ance and reduces the electric- field strain at the 
glass seals. 


38. Direct Radiation | 


The power radiated from a conductor depends 
on the relationship between the physical size of 
the conductor and the wavelength and increases 
as the conductor size approaches one wavelength. 
For this reason, the power radiated from the leads 
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In addition, the use © 


and the electrodes themselves increases as the 


operating frequency is increased. Some reduc- 
Opt g 


tion of radiation losses is achieved by shortening 


the electrodes and leads in the scaling-down proc- 


ess. Tube shielding often is used; this does not 


prevent losses but prevents the radiation from | 


interfering with other parts of the circuit. The 
radiation losses are converted to heat losses caused 
by induced currents in the shield. The most effi- 


- clent arrangement is one in which the shielding is 


done by a circuit element where current normally 
flows. Then the induced currents can be made 
to do useful work, and no longer contribute to 
the losses. One practical means of doing this is 
to use a coaxial-line section as the tank circuit, 
as 1s frequently done with lighthouse tubes. Here, 


the outer conductor of the line section acts as the _ 
- tube shield and currents induced in it add to the 


normal tank current. In this manner, losses are 
reduced substantially and the over-all efficiency 
of the tube and circuit is increased. : 


39. Miscellaneous Effects 


a. Grid Gas Current. Even in a well-manu- 
factured vacuum tube there are always some 
molecules of gas because it is impossible at present 
to produce a perfect vacuum. When electrons 
collide with these molecules, positive ions are 
created and these are attracted to the negative 
control grid. This causes a grid current to flow 
when the grid is negative. The grid current thus 
produced is small, but it has the effect of making 
the grid less negative, which is undesirable in view 
of the effects of input resistance in this frequency 
range. To clean up as much of the residual gas 
as possible during manufacture, materials known 
as getters are used. The getters, usually alkali 
metals, are flashed by means of heating to com- 


bine chemically with the gasses, after which the 


vaporized metal deposits itself as a thin metallic 


film. In tubes meant for rigorous service, it is 


important that this film does not settle where it 
might form leakage paths and cause increased 
losses. Therefore, the getter flash is controlled, 
usually by being inclosed in a small cup or tube 
so placed that the vaporized metal will not be 
deposited on any of the insulators. With mini- 
ature and subminiature tubes, the elements are so 
small that the flash must be directed carefully. 

b. Grid Emission. Any metal will emit elec- 
trons if heated sufficiently, although some are 


much more efficient in this respect than others. 
In scaled-down tubes suitable for use at frequen- 
cies higher than 30 me, the grid is subjected to 
heating by the nearness of the cathode as well as 
by the in-phase grid currents. Some electrons 
will strike the erid even though it is negative, 
causing the possibility of secondary emission. As 
a result, there is likely to be both primary and sec- 
ondary emission from the grid, which adds to the 
space charge and is undesirable because it varies 
erratically. This effect can be reduced in prac- 


tice by plating the grid with a metal that does not 


emit electrons easily. Gold is particularly effec- 
tive and is used where the type of operation is 
severe enough to warrant the expense of applying 
it. Another method, somewhat less effective, is 
spraying the grid with finely powdered boron 
carbide. : , 

c. Heat Radiation. The radiation of heat from 
the plate of an air-cooled tube becomes a factor 


of importance because the tube efficiency is re- 


duced as the frequency is raised. For a given 


power input, a reduction of efficiency causes higher 
plate dissipation. This means that the input 
power must be reduced to keep the plate dissipa- 
tion from going above the rated value and caus- — 
ing serious overheating. When the input power © 
is decreased, however, the useful output power 
drops. Ifa way can be found to make the plate 
a better radiator of heat, the plate dissipation 
can be higher under the same operating condi- 
tions; the input power can be kept the same or 


even raised somewhat to maintain the useful 


power output as the efficiency of the tube decreases. 
The most common method of improving the ther- 
mal radiation of a plate is to apply a coating of 
finely divided carbon. The resultant dull-black 
surface is about 60 percent more efficient as a heat 
radiator than polished nickel. Carbonized anodes 
are used widely in tube manufacture. 


Section Il. VHF AND UHF VACUUM TUBES 


40. Introduction 


The tubes discussed in this section are by no 
means the only ones usable at these frequencies, 
but are representative of the various groups into 
which most of the others will fall. Each tube 
selected is an example of a particular construc- 
tion or a method used to overcome or minimize one 
or more of the limitations already explained. The 
frequency range covered can be split roughly into 
two parts, one extending from 30 to approximately 
500 me, the other from perhaps 100 me to 1,000 
me. In the lower range, the vacuum tubes are 
. usually of conventional construction, with the 


electrode leads brought out to base pins or termi- . 


nals on the side or top of the bulb; whereas in the 
higher range, a number of unusual mechanical 
configurations are used. Consequently, the tubes 
are easily mountable in coaxial-line tuned circuits, 
and their efficiency, stability, power-handling 
capacity, low lead inductance, interelectrode 
capacitance, and high transconductance have been 
improved. | 


41. Tubes Useful Below 500 Mc 


The tubes discussed in this section are efficient 


in the region below 500 me, and several types are © 


capable of operating with reasonable efficiency at 





considerably higher frequencies. However, the . 
types better adapted to coaxial-line circuitry are 
more efficient in the upper-frequency range, and 
are preferred where more effective performance 
is required. In all types, the principles of opera- 
tion remain the same, although the physical con- 
figuration of the various tubes may differ con- 
siderably (fig. 65). . 

a. Miniature Triodes. In many receiver cir-. 
cuits and low-power transmitter stages, miniature 
triodes and twin triodes, as well as some triode- 
connected pentodes are used. Of the single tri- 
odes, the 6C4 is most representative of a general- 
purpose miniature triode, and the 6J4 illustrates 
a design meant for a more specialized use. The 
12AU7 is a commercial general-purpose double 
triode, comparable in its applications to the 6C4 
in single triode circuits. The 5670 is a tube on the 
Armed Services Preferred List and can be used 
for most general-purpose double triode circuits. 
It is a semispecial-purpose tube, as are several 


- others in the 5000 series. 


(1) 604. The 6C4 is a seven-pin miniature 
single triode, usable up to 150 me with 
reasonable efficiency. It is similar in in- 
ternal structure and performance to the 
older 6J5 octal-base tube, and is suitable 
for class C service. It can provide out- 
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puts up to 5 watts at 60 me, and about 2 


- (2) 


watts at 150 mc. Its figure of merit is 


500. 


cially designed for grounded-grid opera- 
tion in high-frequency r-f amplifier cir- 
cuits. Operating efficiently up to ap- 
proximately 500 megacycles, the tube has 
an extremely high transconductance of 
12,000 micromhos. Its grid-cathode 
capacitance is 5.5 puf but, in grounded- 
grid operation, this value can be tolerated. 
Its plate-cathode capacitance is .24 pyf, 
and the plate-grid capacitance is 4 pyf. 
The control grid of the 634 is gold-plated, 
to limit grid emission under adverse oper- 
ating conditions. It has a figure of merit 


of 1,230. An internal shield, which aids 


(3) 


(4) 


in controlling feedback in grid-isolation 
amplifier service, is connected to the grid. 
Because of the very high transconduct- 
ance, it has a high figure of merit and 
excellent performance characteristics as 
an r-f voltage amplifier in circuits where 


a good noise figure is required at frequen- 


cies up to 500 me. 


9002. This tube is one of the first of the 


seven-pin miniature tubes developed, but 
it is still a useful general-purpose mini- 
ature single triode. Its internal struc- 
ture is practically identical with that of 
the older 955 acorn miniature, but the 
interelectrode capacitances are slightly 
higher, because of the closer spacing of 
the leads in the base. Its figure of merit 
is. 600, and it is still used in some mili- 
tary radio equipment. 

6N4. This is a later type of seven-pin 
miniature triode, in which both grid and 
cathode are provided with two connect- 


ing leads, each being brought to a sep- 


arate base pin. Connecting such dual 
leads in parallel reduces the series induct- 
ance within the tube, permitting a some- 
what higher upper frequency limit of 
operation. The dual leads also make 


possible a greater variety of circuit ar- 


rangements and, in some circuits, a re- 
duction in plate-to-grid capacity coupling 
through the base. The 6N4 has a trans- 


conductance of 6,000 micromhos which, 


together with its low capacitances, gives 


6J4. The 6J4 is a miniature tube espe- 


(5) 


(6) 


(7) 


it a figure of merit of 1,000. It is used 
in applications similar to those of the 
6J4, but does not have the specially 
treated grid of that tube, and the inter-_ 
electrode capacities are smaller. 

955. This triode is one of the first ex- 
amples of a tube design in which the 
electrode structure was scaled down 
physically to reduce the interelectrode 
capacitances and transit time. It is of 
the acorn type, and the leads are brought 
out radially from the electrode assembly, 
instead of through a circle of pins in the © 
base. This reduces the capacity between 
leads and aids in isolating the input from 
the output; however, it adds to the me- 
chanical difficulties in manufacture and 
in design of sockets and other compo- 
nents. Since the socket is little more than 
a ceramic or plastic ring to hold the pin 
contacts in a fixed position, the losses that 
would occur in the more conventional 
tube socket are practically eliminated. 
It is usable as an oscillator up to 600 me, 
when it can deliver 500 milliwatts output, 
and be mounted readily. on a butterfly 
tuning circuit. It also is usable as an 
amplifier at slightly over 600 mc. Al- 
though the transconductance is only 
2,200 micromhos, which.is considerably 
less than that of several other tubes dis- 
cussed here, its figure of merit is 730 
because of its very low capacitances. 
6F4. This is also an acorn type triode, 
of a later design, in which two leads are 
brought out from both grid and plate 
electrodes, to permit connecting them in 
parallel for reduced inductance. The 
extra plate lead also aids in conducting 
heat away from that element, and 
shghtly improves the plate dissipation 
capability. Its transconductance is 
5,800 micromhos, well over twice that of 
the 955, and although the capacities are 
somewhat greater, its figure of merit is 
1,290. It occasionally 1s used: in low- 
power transmitter applications to deliver 
an output of about 1.8 watts in class C, 
with a power gain of nine. 

6L4. This tube is similar to the 6F4, © 
with the same lead and basing arrange- 
ment, but the capacitances are smaller by 
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10 to 20 percent. As a result of this and 
its slightly higher transconductance, its 
figure of merit is 1,600. 


b. Miniature Twin Triodes. Within the last - 


few years, an increasing number of tubes have 
been developed in which two complete triode elec- 
trode structures are inclosed in the same envelope. 
This design has many variations, and permits 
great circuit flexibility, particularly when the two 
sets of electrodes are. electrically well isolated 
from each other. In certain more recent types, 
such as the 6BQ7 and 6BKT, special shielding and 


other measures have been taken to achieve excel- — 


lent isolation. ‘These tube types are representa- 

tive of a number of others of similar charac- 

teristics that have been omitted for lack of space. 

~ Data on such tubes can be found in tube hand- 

books and manufacturer’s literature. 

. (1) 6/6. The 6J6 was developed early in 
World War II when the need arose for 


a miniature twin triode that. would. 


operate well in the uhf range, and would 
have a high transconductance together 
with moderate power-handling capabili- 
ties. It is capable of delivering 3.5 watts 
as an oscillator up to 600 me. Its trans- 
conductance is 5,300 micromhos; its in- 
terelectrode capacitances are Or, 2.2 put; 
— Cory 4A pts Cog, 1.6 ppt; the tube has a 
figure of merit of 1,260, and a maximum 
plate dissipation rating of 1.5 watts. 
Since it was the first and, for a long time, 
the only tube available in its class, it was 
used for many specialized as well as con- 
ventional applications, and often in mili- 
tary equipment. One of the disadvan- 
tages of this tube, however, is a common 
cathode serving both triode sections. 
This somewhat limits the variety of cir- 
cuits in which it can be used. — | 
(2) 5670. 'The 5670 overcomes some of the 
limitations of the 6J6. It is a nine-pin 
miniature twin triode, having an en- 
velope of somewhat larger diameter than 
the familiar seven-pin type. It retains the 
advantages of low lead inductance, low 
interelectrode and lead capacitance, and 


small electron transit time common to the © 


miniature and subminiature group of 
tubes. The 5670 is a military preferred 
type which is becoming increasingly 
common in military equipment. It 
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(3) 


(4) 


features separate indirectly heated cath- 


odes for each triode unit, and has a trans- 
conductance of 5,500 micromhos. The 
interelectrode capacitances are: Cg, 2.2 
pu ; Cox, 1.0 pt 3 O nis 1.3 ppt. It will 


operate efficiently at frequencies weil 


over 500 mec, and its figure of merit is 
1,220. 7 

2U61, The 2C51 is a nine-pin minature 
twin triode, identical with the 5670 except 
for a difference in the heater current 
rating. Since it was developed origi- 
nally as a special-application tube for 
service in which the balance of character- 
istics between the two triode units had to 


_be accurate within 5 percent, it was rather 


expensive to manufacture, and is used 
commonly only in critical applications 
requiring accurate balance. | 
6BQ?. This is a low-noise nine-pin 
miniature twin triode, designed particu- 
larly for use in direct-coupled, grounded- 


grid r-f amplifier circuits. The two 


triode sections, however, are entirely in- 
dependent and the tube also is adaptable 
to other circuit arrangements. It is rec- 
ommended for use up to 500 me, and has 


been operated successfully as high as 900 


mc. The leads to the tube pins are 
arranged to have the shortest possible 
length with the greatest possible spacing, . 
thereby giving low lead inductance and 
capacitance. A built-in shield between 
the sections of the tube prevents excessive — 
coupling between the output and input 
triodes when used in cascade. Extremely — 
fine wire and small turn spacing are used 
for the grids, and the grid-cathode spac- 
ing is close. This allows the tube to 
develop high gain and still exhibit an 
excellent noise figure. The shield used in 
the 6BQ7 is provided with a specially 
shaped grid connector, effectively re- 
ducing the plate-cathode capacitance to 
a low value without increasing other 
critical capacitances.. The fact thiat the 
shield 1s not welded to the grid permits | 
either section of the tube to be used for 
grounded-grid or grounded-cathode oper- — 
ation, as desired. The tube has a figure 
of merit of 1,200. It hasa relatively high 
input impedance and a sharp cut-off 


characteristic, thus giving good optimum 
input loading when used in an amplifier 
circuit having a wide passband. 
(5) 6BK7. The 6BK7 is a nine-pin minia- 
ture twin triode, most of its major char- 


acteristics being similar to those of the | 
One outstanding difference is its 


6BQ7. 

transconductance, which is 8,500 micro- 

mhos; this results in a figure of merit of 

1,400, he best of any of the con venuona: 
miniatures discussed. 

c. Triode-Connected Pentode Types. Pentodes 

occasionally are used as triodes by connecting the 

screen and suppressor grids to the plate. This 


practice has the advantage of offering a higher 


transconductance than is available with many 
triodes. Also, since the screen acts as an anode, 
the spacing between the control grid and the 
screen grid is reduced, which helps to minimize 
the bad effects of transit time. Tubes suitable 
for use in this manner include the 6AG5, 6A K5, 
6BC5, and the 6CB6. Each has a transconduct- 
ance in the 5,000- to 6,000-micromhos region. 


42. Miniature Pentodes | 


_ Miniature voltage amplifier pentodes have re- 
placed almost entirely the older types of tubes in 
most applications in the 30- to 1,000-mc frequen- 
cies. Some older military equipment still uses 
tubes such as the 6SG7, 6SH7, and 6AC7, but 
newer designs usually make use of similar minia- 
ture types, because of the smaller size and weight 
and improved performance. 


a. GAU6. This is a seven-pin miniature nentods: 


with a transconductance of 5,200 micromhos, 
sharp cut-off characteristics, and moderate inter- 
electrode capacitances. Its figure of merit is 500, 
which is moderate compared with several other 
tubes in this group. It has a small value of plate- 
to-grid (feedback) capacitance, and as a result 
provides somewhat better internal isolation ee 
tween grid and plate circuits. It is useful as 
general- purpose pentode up to about 100 me, but 
has a higher noise figure than the 6AK5 and sim1- 
lar tubes. In weak-signal applications, other 
tubes are preferred in this frequency range. The 
6CB6 is a newer and somewhat superior tube of 
similar characteristics, except that its plate-to- 
grid capacitance is larger. 

6b. GAKS5. This tube is a sharp cut-off seven-pin 
miniature developed during World War II for a 
— Jarge number of uses in radio and radar equipment 





where a tube with a high figure of merit was 


needed. It is useful as high as 400 me as an ampli- 


_ fier, and because of its uniformity in production, 


gold-plated grid, to prevent grid emission, and 
dual cathode leads, it has an exceptionally good. 
noise figure and gain-bandwidth product. It has 
been the prototype of such later tubes as the 
6AG5 and 6BC5, which are slightly inferior to 
the 6AK5 in performance, but are easier to 
produce. 

c. 6591, This is practically identical with the 
6AK5, with a heater current rating about 15 per- 
cent lower. The 5654 is a later, somewhat more 
rugged version of the 6AKS. It is being used 
in new equipment, particularly in applications 
subject to vibration and mechanical shock. The © 
5702 is similar to the 6AK5, and is in a submini- 
ature envelope which permits its use in extremely 
compact circuits. Its figure of merit is 635, as 
compared to 735 for the 6AK5.- 

d. 6BAG6. This is a remote cut-off tube with 
performance characteristics similar to the older 
6SG7, which it has practically superseded in new 
equipment. It is useful in applications similar to 
those for the 6A K5, but requires grid-bias control 
of gain. Its figure of merit is considerably lower, 
but still very good for a tube of this type. 

e. 9003. This is an earlier miniature tube of 
the remote cut-off type, used in applications simi- 
lar to those requiring the 6BA6. In its internal 
structure and performance the 9003 1s practically 


identical with the acorn tube 956. Both are be- 


coming obsolete because of the suitability of the 
6BA6 for the same epee: The figure of 
merit is 280. 

f. GANS. Of the miniature pentodes, this is 
the only tube currently available that is capable 
of delivering as much power as the older 6AG7 
and TAD‘, particularly into relatively low load 
impedances. It can deliver about 1.3 watts in 
class A service, and has a plate dissipation rating 
of 4.2 watts. As a class C r-f amplifier, it is 
capable of producing 3 or 4 watts output up to 
150 mc, and is used frequently as a frequency 


multiplier in low-power transmitter stages. 


43. Summary 


a. The inductance of tube leads, and the capac- 
itances between electrodes are very small, but at 
higher frequencies their reactance becomes sig- 


nificant. 
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6b. A tube operated at the higher frequencies 
will give less output for a given signal input than 
it will at the lower frequencies. 

c. As the wavelength is made shorter, it 
becomes comparable in length to the physical 
length and spacing of tube electrodes and leads. 

ad. When the tube is operating with normal 
applied voltages, the effective capacitance between 
electrodes is different from the capacitance when 
the cathode is not emitting. 

é. The inductance of the cathode lead usually 
is considered the most important of the lead induc- 
tances because the varying components of both 
the grid and plate circuits flow through this load. 

7. The effect of the inductive reactances of all 
the leads is to create r-f voltage drops 1 in series 
- with the electrodes of the tube. 

g. Transit time is the length of time it takes 
an electron to travel from the cathode to the anode 
of a vacuum tube. 

h. The larger transit time at ae frequencies 
causes the plate current to lag the plate voltage 
and distorts the plate-current curve. 

2. Because a screen-grid is maintained at a 
fairly high positive potential, the transit time 
effects of screen-grid tubes are less pronounced 
than those of triodes. 

j. The phase shift between grid and plate cir- 
cuits is affected by the tube reactances so that 
it is almost never the 180° expected at lower 
frequencies. | 

k. The acorn type, because of its smaller inter- 
electrode capacitances and lower lead inductance, 
has higher shunt resistance and performs better 
at the higher frequencies. 

1. The figure of merit is defined as the transcon- 
ductance divided by the total interelectrode 
eae of the tube. 

. The gain of a stage for a given bandwidth 
is pes eee proportionate to the figure of 
merit of the tube. 

n. Dividing all the linear dimensions of a tube 
structure by a constant will result in the lead 
inductances, the interelectrode capacitances, and 
the transit time of the electrons between electrodes 
being reduced proportionately. 


6&8 


‘vacuum. tube ? 


o. Wherever dielectrics are subjected to the in- 
fluence of strong, varying electric fields, molecular 
movements result in heating, which constitutes a 
form of loss known as dielectric hysteresis loss. 

-p. These losses are proportionate to the operat- 
ing frequency and may become appreciable if a 
tube is operated at a sufficiently high frequency. 

g. When a tube is designed to operate at higher 
frequencies, heavier leads are used to provide 
approximately the same effective resistance as that. 
obtained with smaller leads at lower frequencies. 

r. Pentodes can be used as triodes, by con- 
necting the screen and suppressor grids to the 
plate. This gives a higher transconductance than 


is available with many triodes. 


44. Review Questions 


a. How is the efficiency of vacuum tubes affected 
when frequency is increased ? 

6, What is input capacitance? Output capac-. 
itance ? 

c. What is transit tie 

d. What effect does increased transit time have 
on the operation of the vacuum tube at higher — 
Trequencies ? 

e. Why do screen-grid tubes have less transit 


~ time effect than triodes? 


jf. What is the effect of back-heating? 

g- What is the effect of lead inductance on the 
input impedance of a vacuum tube? 

h. What is the input resistance of a pies 
pentode? 

i. What determines the output impedance of a 
The figure of merit? — 

j. How can tube impedances be reduced ? 

k. How can transit time be reduced ! 

1. What determines the dielectric hysteresis 
loss of a vacuum tube? . 

m. How are radiation losses reduced in the 
lichthouse tube? 

n. What is a getter? 

o. What are the effects of grid emission? Of 
heat radiation ? 

p. Name three tubes useful at eee below 
500 mec; above 500 me. 


CHAPTER 6 


AMPLIFIERS FOR 30- TO 1,000-MEGACYCLEsBAND 


Section |. INTRODUCTION 


45. General 


The operating princples of amplifiers used in 
this range involve no change from the basic con- 
cepts of amplified operation at lower frequencies. 
However, component and adjustment require- 
ments for stable, reasonably efficient operation, 
- particularly in the upper part of this range, are 
far more critical. The successful performance 
of such amplifiers is due largely to refinements in 
the design and arrangement of the components 
used, rather than to any change in their basic 
nature. Several factors must be considered when 
making a choice between lumped- or distributed- 


property components’ to form the circuit im- — 


pedances in practical amplifiers. Distributed- 
property circuit elements can provide greater 
electrical efficiency at any frequency, but are 
heavier and bulkier than practical lumped-prop- 
erty components. Therefore, a compromise must 
be made in design between permissible size and 
weight and required circuit efficiency. The ampli- 
fiers used in this frequency range are either volt- 
age or power amplifiers. Voltage amplifiers pro- 
_vide the greatest possible voltage gain over a given 
bandwidth, and power amplifiers deliver a large 
power output into a load, operating with a given- 
signal input power and producing a relatively 
small voltage gain. The earlier stages of a cas- 
cade amplifier are almost always voltage ampli- 
fiers, since voltage gain is desired to operate the 
orid of the following tube. Voltage amplifiers 
usually have relatively large values of plate-load 
impedance. Output stages whose load is to be fed 
to a transducer of some kind are designed as power 
amplifiers. These amplifiers normally have rather 
low plate-load impedances to allow for a large 
current flow and a correspondingly large power 
output. Borderline conditions exist in some 


specialized applications, in which both power out- _ 











put and a reasonable voltage gain are desired. 
In general, voltage amplifiers almost always are 
operated under class A conditions, but power am- 
plifiers may be operated class A, AB, B, or C. 


46. Bandwidth 


a. General. Amplifiers often are referred to as 
narrow-band or wide-band. The term wide- 
band amplifiers usually implies a tuned amplifier. 
with a pass band of at least 1 megacycle. In this 
frequency range, wide-band amplifiers are used 
as intermediate- and radio-frequency amplifiers 
in radar and television receivers, wherein require- | 
ments for bandwidths of approximately 4 to 10 
mc and upward are common. Bandwidth means 
the band of frequencies passed by a tuned circuit 
or amplifier whose upper and lower frequencies 
are attenuated from the peak value by not more 
than 3 db (decibels) or one-half the peak power. 
These points are known as the half-power points 
and are shown on the response curve (fig. 66). To 
make possible a comparison of bandwidths hav- 
ing different center frequencies, the term percent- 
age bandwidth is used. For example, an ampli- | 
fier circuit tuned to 200 mc and having a pass 
band of 8 mc (200 mc+4 mc) is said to have a 


4-percent bandwidth. An amplifier operating at 


80 mc, having the same 8-mec bandwidth (+ 4mc), 
thus would have 10-percent bandwidth. For 
many purposes, the minimium bandwidth obtain- 
able with practical circuit elements is desired. 
In other applications, a uniform response over a 
definite band of frequencies is required to pass the 
desired signal with negligible distortion. 

b. Amplifier Bandwidth Requirements. The 
maximum usable bandwidth of amplifiers in this 
frequency range is important in many. applica- 
tions, and therefore, the amplifiers are designed 
to provide a definite pass band. At lower fre- 
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Figure 66. Typical amplifier response curve, showing 
| half-power points. 


quencies, the only requirement in this respect 1s 


often the minimum practicable bandwidth... The 
bandwidth required for faithful reproduction of 
a given signal will vary directly with the amount 
of information in the signal or the complexity of 
the signal. Also, the bandwidth of a given ampli- 
fier has a direct effect on the voltage gain obtain- 
able from that amplifier. As the bandwidth of an 
amplifier is increased or decreased, the gain 
will vary in inverse proportion to the change 


in bandwidth, causing the mathematical product — 


of gain and bandwidth to remain constant. 


For example, the gain-bandwidth product of 


an amplifier with a voltage gain of 40 and 
a 8-mc pass band. would have a gain-band- 
width product of 120. If the pass band is 
increased to 6 mc, the voltage gain will drop 
to 20, so that the gain-bandwidth product 
remains unchanged. In communication equip- 
ment, the pass band often is just wide enough to 
pass the complete transmitted signal, with a small 
allowance for frequency drift and instability. 
When an amplifier is required to pass signals of 
-a more complex nature, such as facsimile, or radar 
pulses, the bandwidth must be considerably 
greater than for voice or c-w (continuous-wave) 
so that the entire signal may be passed and am- 
plified with negligible distortion. Some idea of 
the bandwidth required for a complex signal can 
be had by considering a radar pulse or a similar 
steep, flat-topped pulse. The bandwidth required 
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in megacycles is roughly inversely proportional to 
the pulse width in microseconds; that is, 


BW = 1/PW. 


For example, a bandwidth of 1 me would be re- 
quired to pass a 1-microsecond pulse, and a band- 
width of 4 me would be required to pass a 
.25-microsecond pulse. | 

c. Effect of Bandwidth on Circwit Noise. The 
electrical noise voltages associated with all parts 
of radio circuits, such as resistors, conducting 
leads, tubes, and capacitors, are caused by the 


natural motions of the electrons. Such noise in- 


creases with increasing temperature, and is dis- 


tributed uniformily throughout the frequency 
spectrum. Because of this uniform frequency . 


distribution of thermal noise, there is a direct 
relationship between the width of the pass band 
of an amplifier, and the total noise output. Asthe 
bandwidth of a circuit is increased, the total circuit 
noise increases, resulting in a relatively poorer 
signal-to-noise ration in a wide-band amplifier. 
The bandwidth, therefore, usually is kept as nar- 
row as practicable to obtain the best possible 
signal-to-noise ratio consistent with other circuit 
requirements. | | | 


d. Circutt Selection. A cascade amplifier is a | 
series of individual amplifier stages through. 


which the signal passes in succession. When a 
wide band pass and a high gain are required, it 
is not practical to use single-tuned high-Q cascade 
amplifier stages, all resonant at the same fre- 
quency. Such simple circuits cannot provide the 
required bandwidth, and it is necessary to use 
other methods to achieve the needed result. 
Methods used to obtain wide bandwidths with rea- 
sonable gain figures include stagger-tuning, over- 
coupling between interstage transformer wind- 


ings, loading of tuned circuits with added shunt 


resistance, and the use of degenerative feedback. 
All of these methods depend on the requirements 
of the application involved. Stagger-tuning, in 
which each amplifier stage is tuned to a different 
frequency, is used in many wide-band amplifiers, 
because it can be adjusted for good performance 
with a simple amplitude-modulated signal gen- 
erator and output meter. The resonant. fre- 
quency and gain of each stage is adjusted to pro- 
duce uniform over-all gain within the pass band 
of the complete amplifier. This results in a pass 
band much wider than that of any one stage. 
Figure 67 shows the over-all frequency response. 


of a wide-band i-f (intermediate-frequency) am- 
plifier, and the response and gain of each stage. 
In this amplifier, stage C has a relatively low Q 
and a low voltage gain. It is tuned to 23.4 me, 
which is the center frequency desired. Stages B 
and D have a somewhat higher Q and greater 
voltage gain than stage C. They are tuned to 
frequencies (22.8 and 24.5 mc) somewhat above 
and below the center frequency. Stages A and £ 
have a still higher Q and voltage gain than stages 
Band D. They are tuned to 21.8 and 25.0 me 
respectively. The over-all gain and pass band of 
this amplifier are indicated by the dotted line. 


_. Some television-receiver i-f amplifiers are similar 


_to this, with certain modifications necessary for 
receiving 
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Figure 67. | Stagger-tuned i-f amplifier response. 


e. Adjustment of Wide-Band. Amplifiers. 'The 


servicing and maintenance of amplifiers used in 
this frequency range require careful attention to 
procedure. The circuit adjustments often are 
critical, and many of the techniques involved may 
be unfamiliar, since they rarely are used in con- 
nection with lower-frequency equipment. As a 
general rule, when raising the operating fre- 
quency and/or bandwidth, the adjustments made 
in amplifier stages as well as in complete amplli- 
fiers become increasingly critical. This is because 
of the greater relative importance of such factors 
as component variations, stray lead inductance, 
and stray circuit capacitance. — | 


47. Stability 


a. General. The stability of an amplifier de- 
pends on the ability of the stage to amplify with- 
out tending to oscillate, its ability to be tuned 
over a range of frequencies without requiring re- 


that particular type of program > 
n . transmission. : | 


neutralization, and its maintenance of constant- 
frequency characteristics under changing condi- 
tions of temperature, voltage, and positive and 
negative feedback. To insure stability in ampli- 
fiers for this frequency range, extreme care in the 
design, construction, and maintenance of such 
equipment is necessary. A relatively small change 
in the electrical value of a part, the relative posi- 
tioning of the parts, or the efficiency of the shield- 
ing can produce a large change in performance. 
High gain often is required in apparatus which | 
is physically small, making the problem of con- 
trolling feedback particularly acute. Although 
triodes are desirable because of their low noise 
and relatively high figure of merit, their large 
plate-grid capacitance causes enough feedback to 
make stable operation hard to obtain. This is — 
especially true in the higher portion of this fre-. 
quency band. Neutralization is used in many 
cases, but it is almost impossible to obtain complete. 
neutralization over a wide frequency range. 

6. Practical Methods. One method of mini- 
mizing this problem is by means of the grid-isola- 


tion, or grounded-grid circuit, which is useful in 


coaxial circuits. Tetrodes or pentodes are used | 
wherever possible, but it is practicable to do this 
only in the lower portion of the frequency band. 
These tubes, with their lower feedback capaci- 
tance, do not eliminate the need for neutralization 
entirely, but minimize it greatly. Therefore, the 
effects of neutralization and tube capacitance with 
changing frequency are not serious. Some trans- 
mitting tetrodes are designed to be selfneutraliz- 
ing over a relatively wide frequency range. Fre- 


quency drift caused by thermal changes can be 


fairly well compensated by the use of temperature- 
compensating capacitors. The temperature co- 
efficient of these special capacitors must be given 
careful consideration for operation in this fre- 
quency range. Poor circuit adjustments and 
changes resulting from factors other than tem- 
perature changes may lead to regenerative feed- 
back, or oscillation. Operational stability occa- 
sionally is increased by the use of distributed- 
property circuit impedances, where space consid- 
erations permit. | 


48. Frequency Considerations 


a. General. In evaluating phenomena in the 
80- to 1,000-me band, it is convenient to consider 
the band as being divided into.a lower- and a 


higher-frequency range. The transition between 
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the two bands takes place in the region between 
75 and 450 me (fig. 68), because this is a natural 
dividing line between distinct types of physical 
circuit configurations. No sharp line of demar- 
cation separates these ranges; they are approxi- 
mate, arbitrary, and based on certain circuit char- 
acteristics which change gradually as frequencies 


are increased. — 
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| Figure 68. Component breakdown of 30- to 1,000-me range. 


b. 30- to 450-Megacycle Band. In the lower 
portion of the 30- to 450-mc band, most amplifiers 
are similar to those operating at lower frequen- 
cies. Cathodes generally are at or near ground 
potential, control grids are biased negatively, and 
similar circuit conditions prevail. The use of 
conventional lumped-property capacitors and in- 
ductors is almost universal at these frequencies. 
The greater efficiency and stability of distrib- 
uted-property circuit elements are outweighed by 
the disadvantage of their large and cumbersome 
physical size. Amplifiers for higher frequencies 
use tubes having lower transit time, lead induct- 
ance, and interelectrode capacitance. Compo- 
nents, particularly inductors, must be designed 
carefully; accurate physical layout of parts and 


important. 





the use of short lead lengths in circuit wiring are 
The power sensitivity and voltage 
gain of tetrodes and pentodes are greater than 
those of triodes. Therefore, it is desirable to use 
them in any application where their electrical limi- 
tations and somewhat lower mechanical and elec- 


trical ruggedness permit.: The use of lumped- 


property components, such as butterfly tuners, 


offers the advantages of compactness and ease of 


mechanical adaptability to wide-range tuning. 
Most of this added flexibility results from smaller 
size and compact construction. Where space is 
not severely limited and electrical efficiency and. 
stability are important, distributed-property ele- 
ments are used more frequently. _ se 
c. 450- to 1,000-Megacycle Band. At frequen- 
cles above 400 me, distributed-property circuit 
elements are used almost exclusively. The ma- 
jority of these are of the coaxial type since their 
size at these frequencies is not objectionable, and 
their advantages in terms of reliability and effi- 
ciency are highly desirable. The lumped-prop- 
erty components available are unstable and have > 


_ low efficiency. Distributed-property circuitry is 


used at these frequencies because the irreducible 
capacitances and inductances of tubes, circuit 
wiring, and other components become a major fac- 
tor in over-all circuit design. Since tetrodes or 
pentodes which will operate with a low noise out- 
put at the higher part of the 450- to 1,000-mc 
band have not yet been developed, the triode is 


_ used almost exclusively. Triodes have excellent 


noise characteristics, are mechanically rugged and 
reliable, and are less subject to microphonics than 
tetrodes or pentodes. Another advantage is the 
relative simplicity of the circuitry required, since 
no provision is needed for extra voltage supplies 
and bypassing for screen and suppressor grids. 


Section Il. VOLTAGE AMPLIFIERS 


— 49, General 


Voltage amplifiers for frequencies between 30— 


and 1,000 mc are used to increase the amplitude 
of a desired signal to a value great enough to op- 
erate a detector or a demodulator. In receivers, 
signal generators, and measuring instruments, 
the concern is not with available power gain, but 
with the voltage amplification of a desired signal, 
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while simultaneously amplifying noise and un- 
desired signals as little as possible. The relative 
emphasis placed on the various factors affecting 
voltage amplification changes as the frequency 
increases, and to some extent with the amplitude 


and character of the signal. Therefore, detailed 


consideration of these factors is needed. before 
practical examples of voltage-amplifier circuits 
can be properly discussed. 


50. Voltage Gain 


a. General. Almost all voltage amplifiers are 
- operated under class A conditions. The major 
factors on which voltage gain per stage is depend- 
ent are the specific characteristics of the tube used, 
the input and output impedances, and the band- 
width for which the stage is designed. In some 
circuits, noise figures also must be considered as 
a limiting factor in the determination of voltage 
gain. However, beyond the first or second stage 
in cascade amplifiers, the noise figure is low 
enough in relation to the signal amplitude to be 
neglected. | | | ; | 

6. Operation Below 450 Megacycles. At fre- 
quencies up to 250 me, circuits similar to those 
used at lower frequencies are practical. The volt- 
age gain in amplifiers with a bandwidth of 2 or 3 
me will range from 40 to 50 at 380 mc and from 
8 to 10 at 215 mc. Triodes can be used successfully 
in this frequency range, but it is more common to 
use pentodes, such as the 6AK5 or 6CB6. The 
voltage gain of a triode is considerably lower, 
making it necessary to use a greater number of 
amplifier stages to obtain a given total gain. A 
factor limiting the use of pentodes at higher fre- 
quencies is their noise figure. 
todes operating at frequencies up to 250 me give 
greater voltage gain than triodes. Because of 
their poor noise figure, pentodes are not used in 
the upper part of this frequency range where the 


noise level is approximately that of the desired 


signal. | . | 
c. Operation Above 450 Megacycles. In the 
frequency range from 300 me to 1,000 me, the use 
of triodes and distributed-property circuit ele- 
ments becomes essential. Reasonably good gain 
and noise figure can be obtained with triodes when 
the signal level is so low that it is close to the level 
of the noise in the circuit. Above 500 me, con- 
centric-line circuits and special lighthouse, rocket, 
pencil, or disk-seal planar type triodes are used 
to obtain voltage gain with an acceptable noise 
figure. One of the features of the concentric-line 
circuit is the ease with which a shielding and iso- 
lating effect can be obtained in grounded-grid 
configurations. No practical pentodes have yet 
been developed for use as voltage amplifiers in 
such circuits. The voltage gain to be expected 
with triodes in circuits containing concentric-line 
sections usually does not exceed 3 to 12. Although 
higher gain can be obtained at the lower end of 
the frequency range, the gain declines ‘rapidly 


In general, pen- . 


as the frequency increases because of lowered cir- 
cuit Q and decreasing tube efficiency. _ 

d. Voltage Versus Bandwidth. When compar- 
ing the performance of different tube and circuit 
combinations, it is useful to have a fairly simple 
method of assigning a relative figure of merit. 
If.this figure of merit can be made constant for 
a given tube and circuit, independent of operating 
frequency and other variables, better results can 


_be obtained. Such a figure of merit for a single 


amplifier stage is called the gain-bandwidth prod- 
uct. To increase the bandwidth of a resonant 
circuit, it is necessary to lower the Q of the circuit, 
and often to reduce its voltage gain. This means — 


_ that the gain of the stage or circuit is inversely 


proportional to the bandwidth of that stage. Since 
the bandwidth increases as the gain decreases, the 
area under the gain-versus-response curve (fig. | 
69) always remains the same. For a given con- 
figuration, A, the product of gain times bandwidth 
is a constant. It can be shown mathematically 
that, for a single-tuned amplifier stage, the gain- 
bandwidth product is equal to gm, the tube trans- 
conductance in micromhos, divided by 2a times 
the total circuit capacitance in ppf. - 
Thus, | 
| AX bandwidth= 2” 
; nC 
For example, in a circuit using the 6A K5 pentode, 
the tube has a g,, of 4,500 micromhos, and @, the 
total circuit capacitance, is 11 pyf. 


A X bandwidth= aa 


= §5.2 
6.2811 


Therefore, the gain-bandwidth product is 65.2, 


which is expressed in megacycles. This means 
that if the required bandwidth is 10 me, a voltage 
gain of 65.2/10, or 6.52 could be obtained at the 
center or resonant frequency. If the bandwidth 
is 5 me, a gain of 65.2/5, or 13.04 me, is possible. 
In an amplifier consisting of a cascaded series 
of single-tuned amplifier stages, all resonant at 
the same frequency, the over-all response band 
becomes narrower as the number of stages is 
increased. Therefore, the bandwidth of the indi- 
vidual stages must be far greater than the required 
over-all bandwidth of the combination. Exami- 
nation of the formula indicates that the relation-— 
ship between transconductance and capacitance 
here is the same as that of the tude figure of merit. 
Thus, it follows that, if circuit impedances are 
maintained constant, the gain-bandwidth product 
of an amplifier is governed by the selestion of the 
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tube used ; if the tube has a higher transconduct- 
ance or lower capacitances, then the gain-band- 
width product will be increased. | 
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Figure 69. Gain versus response curve. 


51. Noise Figure 


a. Noise figure is a relative measure of merit of 
an amplifier or a receiver which permits compari- 
son of various circuit arrangements, without re- 
gard to absolute gain or bandwidth. It is equal 
to the product of the reciprocal of the gain times 
the ratio of the output noise to input noise. Ex- 
pressed mathematically : 

NV input 1 

| output Gain 

It is the ratio of the noise output of an imaginary 
perfect stage having a specified gain, bandwidth, 
and input, to the noise output of the stage under 
consideration, with identical gain, bandwidth, 
and input conditions. | | 

6. In considering the limiting factors applying 
to voltage amplifiers operating in this frequency 
range, noise figure begins to assume primary im- 
portance. At lower frequencies, the level of at- 
mospheric noise is high compared with circuit 





Noise figure= 


noise in the receiver, and the signal-to-noise ratio. 


of a received signal almost always is established 
in the antenna. With well designed receivers, this 
holds true even with simple antennas up to about 
50 me, provided the antenna and receiver input 
are coupled properly to the transmission line. 


ee 
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With high-gain antennas, this frequency limit 1s — 
somewhat higher. At higher frequencies, the 
noise contributed to the composite signal by the 
input circuit and first r-f amplifier stage becomes 
the limiting factor in determining how weak a 
signal can be received satisfactorily. When am- 
plifying a weak signal in the 50- to 1,000-me range, 
the ratio of signal to noise is established in the 
first amplifier stage, since all the succeeding am-_ 
plifier stages amplify both signal and noise 
equally. An exception to this statement is where 
the second stage is a mixer, which always has con- 


siderably higher internal noise than the same tube 


operated as a straight amplifier. At times, the 
mixer stage is found to be so noisy that it must be 
preceded by two r-f amplifier stages to furnish 
sufficient gain that the level of the signal enter- 
ing the mixer will greatly exceed the noise intro- 


~ duced by the mixer itself. 


c. The noise figure exhibited by a particular 
stage depends partly on the tube used, the circuit 
configuration, and the precision with which cir- 
cuit adjustments have been made. Generally 
speaking, better noise figures can be obtained with 
triodes than with pentodes. The noise figure 
obtainable with a given tube increases as the 
operating frequency is raised, because of cathode 
lead inductance, transit time, and similar factors. 


52. Practical Voltage Amplifier Circuits 


a. General. There are several voltage ampli- 
fier circuits, each of which is designed for a par- 
ticular application. The cascode circuit is partic- 


ularly suitable in cases where a weak signal is to 


be amplified, since it has an excellent noise figure 
and the gain of a pentode, when both sections of 
the amplifier are considered. The pentode ampli- 


fier circuit is well adapted where a relatively poor 


noise figure is tolerable, because it has a good 
gain-bandwidth product and, compared with the - 
cascode circuit, is of simpler construction. 

6. Pentode I-F Amplifier for 60 Megacycles. 

(1) The schematic diagram (fig. 70) shows 

- one stage of a 10-stage, 6-me, i-f strip 

used in the receiver portion of an auto- 

matic-tracking radar system. A 6AK5 

pentode is used, because the operating 

frequency is well within the limits for 

successful pentode operation. It has am- 

ple gain, the noise figure is acceptable, 

and the circuit is simple and easy to con- 

struct. All of the stages are similar; 


each stage is approximately 11 db. 


PRECEDING 
STAGE 


Figure 70. 





however, four of them have minor varia- 


tions to provide for control of the ampli- © 


fier gain. The over-all bandwidth of the 
10-stage amplifier is 12.5 me. The gain of 
To 
obtain the required over-all bandwidth, 
the bandwidth of each stage is increased 
to about 25 mc, by means of resistors R1 
and R38 across the tank circuits. 


ratio of primary Q to secondary Q in the 
interstage transformers has been adjusted 
to a value of 2.2: 1, since it has been estab- 
lished experimentally that this value is 
optimum for the best possible gain, while 
retaining reasonably small sensitivity to 
changes in component values. 
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Schematic of 60-megacycle intermediate- 
frequency amplifier. 


(2) Tuning both grid and plate circuits gives 


(3) 


added advantages in this respect, and 


allows a better gain-bandwidth product. 


Inductive interstage coupling also elimi- 


nates the interstage coupling capacitor, 
thereby decreasing the grid-circuit time 
constant. The input and output cir- 
cuits of an amplifier stage are more or less 
independent, since the tuned circuits do 
not have to be returned to ground, but 
may be returned directly to the tube cath- 
ode. The 6AK5 tube has the cathode con- 
nection brought out to two separate tube 
pins; one is used for the input circuit 
and ore for the output circuit. This pro- 
vides a lowered cathode lead inductance 
effect, less coupling between input and 


output circuits, and reduces the undesir- 


able degenerative feedback caused by the 
common-cathode connection. | 
The low r-f potential end of the grid- 


tank coil is isolated from ground by re- 
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(4) 


FILTER 
RESISTOR 


BUT TON-TYPE 
CAPACITOR © 


-sistor R4, and bypassed directly to the 


cathode through capacitor C1. The plate 
and screen are directly bypassed to the 
other cathode connection through capaci- 
tors C3 and C2. Capacitor C4 bypasses 
the cathode circuit to ground. This min- 
imizes circulating r-f currents in the 
chassis, and reduces coupling between 
stages of the amplifier. : 

Button- and feed-through capacitors are 
used for bypassing and all parts are 
arranged for shortest lead lengths and 
minimum radiation pick-up. Plate- and 
screen-supply filter resistors R5 and R2 
pass through rubber grommets in the | 
chassis, thus allowing the power-supply 
circuits to be isolated from the r-f cir- 
cuits by the metal chassis. Figure 71 
shows the parts placement of this ampli- 
fier. 
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Figure 71. Intermediate-frequency amplifier, 


60-megacycles. 


c. Neutralized Push-Pull Triode Amoplifter. 


(1) 


Although the voltage gain for triodes 
generally is lower and their circuitry com- 
plicated by the need for neutralization, 
they frequently are used as voltage ampli- 
fiers in the 30- to 1,000-mc frequency 
range to obtain a better noise figure. A 
pair of triodes in push-pull often is used 
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for the input stage of an r-f amplifier, 
since it furnishes a simple method of 
utilizing the input signal delivered by a 
balanced antenna transmission line. 

(2). An amplifier of this type using a 6/6 
twin triode is shown in figure 72. The in- 
put and output tank circuits are tuned by 
capacitors C1 and (2, which can be of 
the semibutterfly type. 
between the two capacitors forming (1 
is at ground potential and may be 
grounded without affecting the operation 


TI 


INPUT . 
FROM 
ANTENNA 


Figure 72. 
of the amplifier. 
pacitor (5 usually is a disk-type ceramic. 

The neutralizing capacitors, C3 and (4, 


are used in a conventional cross-neutrali- 


zation connection. The carbon resistor, 
fl, is noninductive. When a wide band 
pass 1s required, 
may have to be placed across the plate- 
tank circuit to increase the bandwidth. 
Short lead lengths and physical relation- 
ship of parts are important. The selec- 
tivity of this circuit.is good. 

d. Cascode Amplifier Circuit. The cascode (not 
to be confused with cascade) amplifier has been 
developed as one method of obtaining a satisfac- 
tory noise figure and adequate gain. The simpli- 
fied circuit (fig. 73) uses two triodes which are 
effectively in series. V2 operates similarly to a 
conventional grounded-cathode amplifier. The 
output from its plate is applied to the cathode of 
Vi, and the grid is grounded for r-f voltages. 
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The center point | 


Cathode bypass ca- 


additional resistance 


This arrangement combines the desirable features 
of both pentodes and triodes, eliminating some of 
the undesirable features of each. It has the high- 
gain, high-impedance input, and stability of a 
pentode, but the low noise figure of a triode. For 
optimum performance, the first stage should be 


neutralized, but such neutralization is neither 


difficult nor critical. The neutralization is not 
needed for stability, but is used because it im- 

proves the noise figure. The amount of improve-— 
ment increases with frequency, being negligible at 
30 me, and rising to as much as 8 db at 200 to 300 





TM 667-621 
Schematic a neutralized push- pull triode voltage amplifier. 


mc. The appearance of one type of cascode-cir- 
cuit construction is shown in figure 74. It is 
built as a separate unit because it was designed 
to replace the existing input stages of, a radar 
receiver. ‘This circuit can be used for the same 
sort of applications as the neutralized push- pull 
triode amplifier. Comparatiey it is easier to 
design and adjust, is more stable in operation, 
and has a wider band pass with equal gain. The 


somewhat modified and improved version of the 


basic cascode circuit in figure 75 was designed 
for use as an r-f amplifier, utilizing a 6BK7 twin 
triode tube. Other tubes having similar electri- 
cal characteristics and equally good shielding 
between the two triode units can be used. The 
cathode of V1 is grounded. Capacitor C5 tunes 
the input tank. Inductor L3 and resistor R2 de- 
velop bias voltage for the tube. Inductor L2 in 
the plate circuit tunes out stray wiring and 
heater-cathode capacitance ; the L2-C3 inductance- 
capacitance network is for neutralizing purposes. 


se tle eA EE 2 el 


Capacitor C2 grounds the grid of V2 for signal 
frequencies, and resistor R1 furnishes grid-leak 
bias to the tube. Plate voltage for both tubes is 
fed through the output tank, consisting of capaci- 
tor C1 and inductor Li. The output is taken 
from the plate of the upper tube. 
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OUTPUT 
UD 
INPUT 
| TM 667-622 
Figure 73. Simplified . schematic, cascode circuit using 


two triodes. 


e. Grounded-Grid Triode Amplifier. 
(1) A common application of grounded-grid 


triode amplifiers (fig. 76) is as an r-f 


input stage in a uhf receiver. This cir- 
cuit is used in radio direction-finding 
equipment for gathering data from radio- 
sonde balloons. The tube is a 6J4 mini- 
ature triode, and line sections are used 
as circuit elements. The operating fre- 
quency is slightly under 400 me. 
(2) The entire stage is well shielded from 
_ the rest of the receiver. The signal is 
applied to the resonant line-section tank 
circuit L17, at the point of required 
impedance. From the tank, the signal 
is coupled to the tube cathode, which is 
isolated from the plate by the shielding 








Figure 74. Cascode amplifier used in radar receiver. | 


effect of the grounded grid. Capacitors 
C4 and C7 bypass the cathode; C8 and 
C9 bypass the tube heater. Resistor R2, 
across capacitor C7, furnishes bias volt- 
age. Capacitor C10 is used to tune the 
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Figure 7d. Schematic of cascode amplifier using twin 


triode. 
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Figure 76. Schematic of grounded-grid triode amplifier. 
line. The output signal is passed from the use of neutralization, with its attend- 
the plate through capacitors C5 and C6 ant difficulties, is unnecessary. The 
to the output tuned line, L18, which is -grounded-grid amplifier unit is shown 


in figure 77. 


adjusted by means of capacitor C2. 
Resistor R151 serves to damp parasitic 
oscillations. 
. (3) The use of resonant-line sections reduces 
the effect of lead inductance and stray 
capacitance to the point where they are 
no longer troublesome. The relatively 
low plate-cathode capacitance and the 
shielding effect of the grid allow the 
circuit to operate without oscillation, and Figure 7. Grounded-yrid triode amplifier. 
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Section II]. POWER AMPLIFIERS 


-53. General 


In r-f power amplifiers, the operating load im- 
pedance usually is adjusted to a value that permits 
the tube or tubes of the stage to operate at high 
_ efficiency. The load- “Impedance value for efficient 
power amplification is always much lower than 
that required for maximum voltage gain, and the 
r-f voltage developed across the load is relatively 
low. The r-f current in the circuit is relatively 
high because of the low load impedance, and all 
of the components and connectors that carry the 
output power must be capable of passing this 
current without serious losses and heating. A]- 
though power amplifiers may be operated class A 
or AB, almost all r-f power amplifiers operate 
class B or C, class C being by far the most com- 
mon. This is possible because the harmonic dis- 
tortion of the amplified wave in class C amplifiers 


can be tolerated, or actually is wanted. Since — 


such amplifiers drags erid current, considerable 
driving power must be supplied to the grid circuit, 
as compared with the relatively negligible driving 
power required by class A amplifiers. Power 
amplifiers in this frequency range are used as 
frequency multipliers, driver stages, and r-f power 
output tubes. They are used also in signal gen- 
erators and other radio instruments. A power 
amplifier which is not amplitude-modulated can 
be operated at higher input power than one that 
is amplitude-modulated. Important applications 
of amplifiers that are not amplitude-modu- 
lated are the c-w (continuous-wave) radiotele- 
graph and frequency-modulation communication 
systems. | : 


54. Comparisons of Tube Types | 


a. General. ‘The discussion here covers those 
characteristics of vacuum tubes which have sig- 
nificant effects on their performance as power 
amplifiers. The performance figures used are 
calculated, and do not take into account various 
tube and circuit losses; they are, therefore, some- 
what better than those measured in actual circuits. 

b. Power Gain. 
the power output of an amplifier stage to the 
driving-power input. The power gain of triode 
r-f amplifiers is moderate, ranging from 5 to 50. 
The power gain of Ctcone amplifiers ranges from 
10 up to about 200, and that of Een: from ap- 


Power gain is the ratio of 


proximately 50 to 300. Few pentodes are cur- 
rently available that are capable of as much actual | 
output as certain tetrodes and a number of triodes, 
particularly in the upper portion of the 380- to 
1,000-me band. Theoretical power gains for all 
bes are much higher, ranging up to 1,000 or more 
for pentodes, but such gains cannot be attained 
readily in practical circuits. The power gain of © 
any amplifier using a given tube, whether triode, 
tetrode, or pentode, falls off at an increasing rate 
as the operating frequency rises. 

ce. Driving-Power Requirements. Since the 
power gain of a triode is much less than that of a 
tetrode or pentode, a much greater grid-driving 
power must be furnished the triode in order to 
obtain the same power output: The driving power 
required in practical tertode and pentode power- 
amplifier circuits may be as little as 10 percent of 
that. required for triodes. For certain tubes, it 
may be as little as 1 to 3 watts, although as the 


operating frequency increases, driving-power re- 


quirements rise rapidly. For example, a 4-125A 
tetrode tube requires about 2.5 watts of driving 
power to produce 375 watts output at 830 me. At 


- 200 me, the same tube requires about 5 watts to 


produce 300 watts output. 

d. Tube Operating Efficiency. The measured 
plate operating efficiency is equal to the plate 
power output divided by the plate power input, 
and is expressed in percent. In this frequency 
range the plate operating efficiency is about the 
same for all three kinds of tubes. It commonly 
varies from about 75 or 80 percent at the lower 
frequencies to about 30 percent at the highest, use- 


_ ful frequency of a given tube. 


55. Special Circuit Considerations 


Stable amplifier operation in the upper portion 
of the 30- to 1,000-mce band requires an improved 
method of electrically separating the input and 
output circuits to avoid feedback. The use of 
grid isolation, or so-called grounded-grid circuitry, 
offers one solution to the problem. Although the 


grid may be above ground for d-c, it is effectively 


grounded for radio frequencies, and acts as a sepa- 
rating shield between the cathode and plate. The 
input signal is applied between grid and cathode, 
and the cathode must be above ground for r-f by 
the amount of the signal voltage. The grid be- 
comes the element common to both input- and 
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output-signal circuits, rather than the cathode. 
The circuit requires more driving power than the 
erounded-cathode circuit, which may make design 
of the preceding stage more difficult. Also, if the 
stage is modulated, it is necessary that the preced- 

ing driver stage also be modulated, if complete 
utilization of the carrier power (100-percent 
modulation) is to be had. This is true because 
part of the driving power supplied to the input 
circuit of the grounded-grid amplifier appears in 
the output as useful power. — 


56. Operation below 450 Megacycles 


Because of their electrical ruggedness and the 
simple circuitry required, triode amplifiers are 
used in the lower portion of this range, although 
they have lower power sensitivity than multigrid 
tubes, and require neutralization in conventional 
circuits. Tetrodes and pentodes have higher 
power gain, but are more easily damaged by over- 
load or other misadjustment, and require more 
complex circuitry because of the necessary voltage 
supply and bypassing. for the added grids. In 
amplitude-modulated stages, the screen supply 
must be modulated also. Lumped-property com- 
ponents are readily usable in plate- and erid-tuned 


circuits with either triode or multigrid tubes, up — 


to 75 mc. With triodes, push-pull circuits fe 

quently are used because the symmetrical arrange- 

ment makes effective neutralization and stability 
easier to attain. 


_ 57. Operation above 450 Megacycles 


Power amplifiers operating above 400 to 500 me 
utilize coaxial or concentric-line circuitry almost 
exclusively. Few currently available tetrodes 


and even fewer pentodes are effective as power | 


amplifiers above 500 mc. However, their higher 
power gain and fairly easy neutralizing capa- 
bilities make them desirable for use at all fre- 
quencies where they can operate efficiently. At 
present, triodes are used much more extensively 
than tetrodes or pentodes above 500 me, particu- 
larly if more than a few watts output is needed. 
Both single-ended and push-pull coaxial configu- 
rations are common in the grid-isolation circuit 
arrangement. In this frequency range, triodes 
almost always outperform the multigrid tubes, 
and have the added advantage that the complica- 


tions of voltage supply and bypassing for the | 


screen and suppressor grids do not exist. 
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58. Practical Power Amplifiers 


In the design of any power amplifier, the de- 
signer takes into consideration such factors as 


~ needed power output, driving power available, 


permissible size and weight, power-supply re- 
quirements, tuning range, type of service, and re- 
quired service life and reliability. Some of these. 
factors frequently conflict, requiring compro- 
mises in the design. Asan lactation, a pentode 
amplifier designed to operate at 70 mc could be 
constructed with line sections for the tank cir- 
cuits, in place of .lumped-property components. 
This would provide somewhat greater efficiency, 
but would make the amplifier bulkier and heavier, 
adding to transportation and installation prob- 
lems: If the amplifier were a part of a perma- 
nent, fixed installation, where bulk and weight 
were not important considerations, the use of the 
more efficient line-section tank circuits probably 
would be justified. 

a. Lumped-Property Pentode Amplifier for 70 
to 100 MC. A lumped-property amplifier, con- 
sisting of a pair of 4E27A pentodes connected in 
a push-pull circuit, is shown in figure 78. The 
equipment is used for the purpose of boosting the 
transmitter output from a maximum of 50 watts 
to a maximum of 250 watts. The amplifier is 
tunable through the range of 70 to 100 me by means 
of tank tuning capacitors C201 and C208. The 
r-f signal is brought in on a coaxial cable and 
apphed to inductor L201, which is coupled in- . 
ductively to the balanced (split-winding) grid- 
tank inductor L202. Neutralization is accom- 
plished by connections from each control grid to 
capacitive pick-up plates at the opposite tube. 
The plate-voltage supply for these tubes is 1,900 
volts. ‘The screen grid is regulated for 450 volts. 
All components are so placed that the connecting 
leads will be short, and the bypass capacitors, par- 


ticularly C206 and C207 for the screens, are placed 


A no- 


as close to the pin connections as possible. 


-. signal bias of approximately 100 volts is con- 


nected at the center of L202. Additional bias 
under signal-input conditions is developed across 
the grid-load networks consisting of R201, C202, 
and R202, C203. The small number of turns in 
plate- ant inductors L203 and L204 and the grid- 
tank inductors, L201 and L202, can be seen in the 
top view of the amplifier (fig. 79) and the bottom 
view (Bg. 80). 
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Figure 78. Schematic of lumped-property pentode power amplifier. 





Figure 80. Bottom view of lumped-property pentode 
power amplifier: 


b. Parallel-Line Section Beam Power Amplifier 
for 230 to 250 MC. A final power amplifier stage 
using line-section circuit elements and a dual beam 
power tube, 829B, in a push-pull configuration is 
shown in figure 81. Driving power is supplied 
to the tube input grids through a balanced-to- 
ground pick-up loop, L210, inductively coupled 
to the output tank circuit of the preceding stage. 
The five unnumbered capacitors shown in the 
schematic below V208 are built into the) tube 





Figure 79. Top view of lumped-property pentode power 
amplifier. | socket and bypass the heater, cathode, and screen 
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of the tube to ground for signal frequencies. The 


output circuit is tuned to the third harmonic of the 
input frequency and is adjustable over the re- 
quired frequency range of 230 to 250 mc. The 
plate-tank circuit, L211, is a section of parallel- 


conductor transmission line which operates as a — 
tuned circuit balanced to ground. It is tuned to — 


_ the third harmonic of the input signal frequency, 
and is adjustable from 230 to 250 mc by means of 
variable capacitor C243. The plate voltage is 
connected to the tank at a point of low r-f poten- 
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fier in a grid-separation circuit, using coaxial line 
sections constructed of metal tubing as grid- and 
plate-tank circuits. The high Q and excellent 
shielding and input-to-output isolation provided 
by this arrangement make efficient operation pos- 
sible at frequencies as high as 3,000 mc. Tubes 
suitable for use in this type of circuit include the 
2C40, 2C43, and 446A. The grid-tank circuit is 
a quarter-wave section of coaxial line formed by 
the concentric metal tubes, A and B. The input 
signal is coupled through the input coupling loop, 
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Figure 81. Schematic of parallel line-secticn power amplifier. 


tial, through r-f chokes L214, which are shunted 
_ by parasitic-suppression resistors R246 and R247. 
Bypass capacitor C210 has a low impedance at 
signal frequencies. The signal output power is 
coupled inductively to pick-up loop inductor L212 
and conducted to the antenna by means of a 
coaxial cable. Inductor L212 is tuned by adjust- 
able capacitor C242. This amplifier is stable, and 
relatively efficient over its entire tuning range. A 
top view of the parallel line-section amplifier is 
shown in figure 82. 

C. Grid-Separation Triode Wie Figure 
83 shows a cross section of a triode power ampli- 
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which can be rotated to vary the amount of cou- 
pling. The line section is tunable to reasonance by 
moving the shorting ring, X, in or out, as indi- 


cated by the dotted arrows. The input signal volt- — 


age is developed between the grid and cathode, and 
the amplified signal appears in the plate-tank 
circuit, which is formed by the quarter-wave co- 
axial-line section made up of the outer surface of 
tube W, and the inner surface of the outer tubing, 
B. The output power is taken off by inductive 
coupling through the adjustable output coupling 
loop. The plate-tank tuning is adjusted by mov- 


evhalht ote ebb wal Le, 





Figure 82. 


Top view,of parallel..line-section power” 
amplifier. 


ing the tuning disk, Y. The only coupling between 
grid and plate circuit occurs through the capacity 
that exists between the plate and cathode, and this 
is very small because of the shielding action of the 


B 


use above 30 me are the same as those for lower 


frequency applications. A pentode cathode-fol- 
lower amplifier is shown in the schematic diagram 
of figure 85. This amplifier is used to couple a 
pulse signal containing vhf harmonics to a low- 
impedance transmission line from a relatively 


high-impedance source. The grid return resistor, 


R122, is returned to the junction of R123 and 
R124, which are connected in series to form the 
cathode load resistor. The value of R123 is chosen 
to develop the proper negative bias for the stage. 
R123 and R124 in series are effectively in parallel 
with the line impedance, and by proper choice of 
value for R124, the combination can be made to 
match the line impedance properly. Cathode fol- 
lower circuits seldom are used in the r-f power 


stages of communication equipment. An impor-_ 
tant feature of the cathode follower is that, where- 


as the voltage gain is always less than 1. 0, the 


power gain is the same as in an ey elate: 


loaded amplifier circuit. . 


59. Summary 


a. Distributed-property circuit elements can 
provide greater electrical efficiency at any fre- 
quency but are heavier and bulkier than prac- 
tical lumped-property components. 
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erid. As a result, neutralizing is not required, 


and circuit operation is stable. The equivalent 
circuit diagram of this amplifier is shown in figure 
84. 7 | 

d. Cathode Follower. The fundamental oper- 
ating principles of cathode-follower amplifiers for 
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Cross-sectional view of coaxial-line triode power amplifier. 


6. The term wide-band amplifier usually implies 
a tuned amplifier with a pass band of at least 1 
megacycle. 

c. Bandwidth means the band of frequencies 
passed by a tuned circuit or amplifier whose up- 
per and lower frequencies are attenuated from 
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power amplifier. 


the peak value by not more than 3 db, or one-half 
the peak power. These points are known as ha/f- 
power points. 

d. As the bandwidth of an amplifier increases 
or decreases, the gain varies in inverse proportion 
to the bandwidth, causing the mathematical prod- 
uct of gain and bandwidth to remain constant. 

e. Increasing the bandwidth of a circuit in- 
creases the total circuit noise, resulting in a rela- 
tively poor signal-to-noise ratio. 

jf. Because of the greater relative importance 
_ of component values, stray lead inductance, and 
stray capacitance, the adjustments made in wide- 

band amplifiers become increasingly critical. 

_g. Although triodes are desirable in wide-band 


amplifiers because of their low noise and rela-— 


_ tively high figure of merit, their large plate-grid 
capacitance causes enough feedback to make stable 
operation hard to obtain. | 

A. The voltage gain per stage in wide-band am- 
plifiers is dependent on the specific characteristics 
of the tube used, the input and output impedances, 
and the bandwidth for which the stage is designed. 
z. Above 450 me, concentric-line circuits and 
special lighthouse, rocket, pencil, or disk-seal 
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Figure 85. Schematic of pentode cathode follower. 
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planar type tubes are used to obtain voltage gain 
with an acceptable noise figure. 

j. A figure of merit for a single amplifier stage 
is called the gain-bandwidth product and, for a 
given configuration, the product of gain times 
bandwidth is constant. 

k. For a single-tuned amplifier stage, the gain 
bandwidth product is equal to the tube transcon- 
ductance divided by 2 w times the total circuit 
capacitance, 

/. In an amplifier consisting of a cascaded series 
of single-tuned amplifier stages, all resonant at the 
same frequency, the over-all response band be- 
comes narrower as the number of stages is 
increased. 

m. Noise figure i 1s equal to the product of the 
reciprocal of the gain times the ratio of the out- 
put noise to the input noise. 

n. The noise figure of a given tube increases as 
the operating frequency is increased because of 
cathode ot inductance, transit time, and similar 
factors. 

o. The cascode circuit effectively uses two tri- 
odes in series to obtain a satisfactory noise figure — 
and adequate gain. 

- p, Since power-amplifiers draw grid current, 
considerable driving power must be supplied to 
the grid circuit. , 

.qg. Power gain is the ratio of the power output 
of an amplifier stage to the driving-power input. 

7. The power gain of a given amplifier decreases 


' with an increase in frequency. 


_ g. At frequencies above. 500 me, triodes almost 
always outperform the multigrid tubes. 


60. Review Questions 


a. What is a voltage amplifier! A power 
amplifier ¢ | 

6. What is a wide-band amplifier ? 

c. What is the percentage bandwidth of an am- 
plifier operating at 60 me and having a pass band 
of 15 mc? * 

d. What is a, cascade eo 
amplifier ? 

é. How is a stagger-tuned amplifier adjusted ? 

f. On what does the stability of a wide-band am- 
plifier depend ? 

g. What are some of the methods used to obtain 
good stability in wide-band amplifiers? 

_h, Why are lumped-property components used 
at frequencies below 500 me? 


A cascode 


z. Why are concen 


450 me? | | 
4. If the gm of a tube is 8,000 micromhos and 


the total circuit capacitance of the stage is 50 pp, 
what will the bandwidth product equal 


tric lines generally used above © 


hk. If the required bandwidth in the previous ; 


problem is equal to 4 me, what is the gain of the 


stage ¢ 
1. How is the plate-operating efficiency of a 


power amplifier found ? : 
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CHAPTER 7 
SPECIAL OSCILLATOR CIRCUITS 





61. Introduction 


a. General. The oscillators used in the 30- to 
1,000-me range serve the same purpose as those 
at lower frequencies; that is, they generate 
radio-frequency energy for transmitters or a 
heterodyning local oscillator signal to be mixed 
with the incoming r-f signal in a superheterodyne 
receiver. Their application as r-f power sources 
in transmitters requires that a reasonable amount 
of power be available. The output generally 
drives one or more following amplifier stages 
although it may be used directly to drive the trans- 
mitting antenna. The output of an oscillator 
circuit may be utilized at its fundamental fre- 
quency, or at one of its harmonics or overtones. 
An oscillator, for purposes of this chapter, is de- 
fined as a vacuum-tube oscillator circuit, which 


produces an output frequency within the limits 
This output can be - 


of the 80- to 1,000-me range. 
the fundamental frequency of the oscillator or 
one of its overtones or harmonics. An oscillator 
circuit consists basically of an electron tube capa- 
ble of providing amplification, a tuned circuit, 
and a feedback path capable of coupling enough 
in-phase energy from the output terminal of the 
amplifying element back to its input terminal to 
sustain oscillation. Figure 86 shows a simple 
oscillator circuit embodying the apres of 
these basic principles. 

b. Stability. Although the basic principles are 
the same, the circuitry and some of the parts used 
for eaeiatore in this frequency range are different 
from those used at lower frequencies. Excellent 
percentage stability of operation is an important 
requirement. Percentage stability is a measure 
of the percentage of the design-center frequency 
within which the frequency of oscillation varies, 
‘rather than the actual variation of frequency, 
measured in cycles, kilocycles, or megacycles. A 
_Ineasurement expressed in cycles is relatively 
meaningless, unless interpreted in the light of the 
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Figure 86. Simple oscillator circuit. 


actual operating frequency of the circuit. For 
example, when an oscillator designed for 1,000 ke 
deviates +20 ke from the 1,000-ke point, it is said 
to have a frequency stability of 2 percent; an 
oscillator designed to operate at 500 me, with the - 
same frequency stability figure of 2 percent has 
a deviation of +10 mc. A deviation of 10 mec in 
the oscillating frequency generally is more than 
can be tolerated under actual operating condi- 
tions. Therefore, to make as efficient use as 


possible of the available frequency spectrum, and 


to make fairly consistent reception possible, it 
is necessary that the tolerances on percentage 


_ frequency stability be made progressively smaller 


as operating frequencies rise. It would be highly 
satisfactory if the same absolute stability could 
be maintained as at lower frequencies, but the 
attainment of this condition is impracticable. — 

c. Vacuum-Tube Limitations. Since the oper- 
ating efficiency of vacuum tubes decreases as the 
frequency increases, it is necessary to use more 
efficient components in the external circuits, par- 
ticularly in tank circuits. Some of the character- 
istics of vacuum tubes which increasingly tend to 
hmit performance as the frequency is raised are 
interelectrode capacitance, electrode and lead in- 


ductance, envelope and base dielectric losses, radi- 
ation losses, and electron transit time. The tran- 
sit time tends to increase the effective series grid- 
circuit impedance, and to introduce unwanted 


phase distortion in the plate circuit. It also in- 


 ereases as the square of the operating frequency. 
The other factors introduce undesirable circuit 1m- 
pedances and increase shunt signal-conduction 
paths to ground, thereby effectively reducing the 
available output signal. In any given vacuum 
tube, there is an upper frequency limit beyond 
which the tube will not function satisfactorily as 
either an amplifier or an oscillator. 


are related. The exact upper-frequency limit. is 
affected to some degree by the characteristics of 
the components used in the external circuit; but, 
regardless of how efficient these may be, the limit 
still exists. To realize acceptable values of sta- 
bility, efficiency, and usable power output, tubes 
must be operated considerably below the upper 
frequency limit. As the limit is approached, op- 
eration becomes less stable and the factors of 
power output and efficiency fall off rather 
rapidly. 


62. Harmonic and Overtone Crystal 
Oscillators | 


a. ’Censear Harmonic id overtone oscilla- 
tors used for the generation of stable radio fre- 
quencies usually are controlled by crystals. 
output may be amplified or multiplied for use 
as a transmitter frequency, or it may be used di- 
rectly, as in a receiver local oscillator. A har- 


monic oscillator is one in which the frequency . 


taken from the plate circuit is an integral multi- 


ple of the operating frequency of the grid circuit, : 


which may or may not be crystal-controlled. An 


_ overtone oscillator is a crystal oscillator that does — 


not oscillate at its fundamental frequency, but 
at frequencies very close to odd harmonics of the 
fundamental. Special circuits or crystals cut tou 
overtone service must be used. 
6. Harmonic Oscillators. 
tors, the tube and associated circuits operate in the 
normal manner, but a voltage at one of the har- 
monics of the fundamental frequency is taken 
from the output circuit. This provides low-fre- 
quency fundamental operation with either a crys- 
tal or a noncrystal oscillator, and allows a multi- 
ple of the desired frequency to be obtained at the 
output. It is practical to generate a frequency 





The limits 
for each type of service are not the same, but they 


Their © 


In harmonic oscilla- | 


that can be multiplied to any frequency in the 
30- to 1,000-me band, but the circuitry involved 
is relatively complex and requires many parts. 
Adjustment and maintenance are difficult and the 
harmonic oscillator is used above 3800 me only 
for special purpose. Below 300 mc, the number 
of harmonic multiplying stages is small enough 
to justify its use. The circuit for a harmonic os- 
cillator is shown in figure 87. This oscillator uses 
a 6AN5 to generate r-f for a low-power trans- 
mitter. The crystal in this arrangement is in 
series with the plate-grid feedback circuit, and 
therefore controls the frequency through its ef- 


fect on the magnitude and phase of the feedback 


signal. The crystal is cut for 12 me, capacitor C2 
tunes the output tank for the third harmonic of 
the crystal frequency, and the output signal from 
the plate tank is 86 mc. The signal then is passed 
through capacitor C5 to another r-f amplifier or 
multiplier stage. Tuning the plate tank to a 
shehtly higher frequency than that of the crys- 
tal harmonic insures better stability a self- 
starting. 
c. Overtone Oscillators. , 

(1) Overtone oscillators aiould : not be con- 
fused with harmonic oscillators since, in 
an overtone oscillator, the only frequency 
present at the input and output is the 

desired frequency. Almost any crystal 
can be used for overtone service; how- 
ever, the power output above the third 
overtone is poor. The desired frequency 
usually is obtained directly from the me- 
_ chanical vibrations of a crystal designed 
for overtone service, and is close to an 
odd harmonic of some fundamental fre- 
quency for which the crystal was basi- 
cally cut. The crystals used may have the 
greater thickness typical of a crystal at 
a lower fundamental frequency, but act 
as though they have been sliced in a num- 
ber of thinner layers equivalent to the 
overtone being used. Since it is imprac- 
ticable to cut and grind crystals thin 
enough to vibrate at the desired fre- 
quency as a fundamental, the’ overtone | 
frequency is a mechanical function of the 
crystal. The overtone frequency of a — 
crystal is either above or below a har- 
monic of the fundamental frequency by 
an unpredictable amount; the fundamen- 
tal frequency is ignored, and the crystal 
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Figure 87. Orystal-controlled harmonic oscillator circutt. 


is ground for, and marked with, the de- 
sired overtone value. 


a) Since the overtone crystal vibrates at 


(3) 


the desired frequency, or at a much higher 
submultiple of the final frequency than 
conventional crystals, there are fewer 
spurious and sum-and-difference fre- 
quency oscillations. Less frequency mul- 
tiplication is required than with con- 
ventional crystals, and thus the number 


of components is reduced and the cir- | 


cuitry 1s considerably simplified. For 
example, if an output frequency of 576 
me is desired, conventional crystal cir- 
cuitry might use a fundamental crystal 
frequency of 6 or 12 mc, and multiply it 
48 or 96 times. With an overtone crystal 
oscillator circuit, this could-be done by 
using an overtone crystal frequency of 
96 me, fed through a doubler and a tripler 
(multiplied 6 times) to get 576 mc. The 
96-mce frequency could be the ninth over- 
tone of a 10.67-mc fundamental crystal. 
The lowest frequency present in this cir- 
cuit would be 96 me, as against 6 or 12 mc, 
using a conventional crystal circuit. For 
communication work, this allows chan- 


‘hels to be spaced at much closer intervals 


without ‘danger of interference. 
Overtone crystal oscillators exhibit ex- 
cellent frequency stability in the presence 


of plate voltage changes, severe physical 


vibration, and temperature fluctuations. 
Smaller and more efficient equipment, 


with lower-power supply requirements, 
is feasible. Certain special circuit condi- 
tions are required for proper operation 
of an overtone crystal. As the overtone 
at which a crystal is operated increases, 


its effective capacitive component C de- 


creases proportionately. This increases 
the ratio of the combined effects of 
crystal holder, wiring, and tube-input 


capacitances, which remain substantially — 


constant, to the effective capacitive com- 
ponent. To sustain oscillations at a rea- 
sonable power level an extremely high 
erid-circuit impedance is required. A 
crystal can be broken down into electrical 


properties of L, C, and R. When a 


(4) 


piezoelectric crystal is energized at a fre- 
quency below the series-resonant fre- 


quency of its own L and C, the crystal. 


exhibits a capacitive reactance to the ex- 
ternal circuit. By shunting the input 


circuit with added inductance, to make it 


appear inductive to the crystal, it is pos- 
sible to combine the inductive effect of the 
input circuit with the capacitive effect. 
of the crystal to form a parallel-reso- 
nant circuit having the desired high: im- 
pedance at the selected crystal operating 


frequency. 


A circuit designed for an overtone output 


of 77 mc is shown in figure 88. This is 


the ninth overtone of a crystal having a 
fundamental frequency of approximately 
8.55 me. 


Since such a high overtone is — 


ce a thine tet en nan nl 


used, a pentode has been selected, rather 
than a triode, to control any tendency 
toward self-oscillation through the plate- 
grid capacitance of the tube. However, 
— in oscillators using lower overtones, a tri- 
ode will give good results. Inductor Lil 
-Is used to balance out the capacitive effect 
of the crystal and stray circuit capaci- 
tance, and the variable capacitor C1 tunes 
the circuit. The circuit is resonated at a 


frequency higher than that of the desired _ 


overtone, to insure oscillation in the cor- 
rect mode and to assist the self-starting 
of oscillations. The resonant frequency 
of the grid circuit may be considerably 
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higher than the overtone frequency; the 
greater the difference within the oscil- 
lating range of the circuit, the wider the 
range over which the plate tank can be 
tuned without causing self-oscillation. 
As the overtone is increased, the grid 
resonant frequency approaches the over- 
tone frequency; therefore, the higher the 
overtone, the greater the likelihood of 
self-oscillation. The plate tank capacitor 
C5 is tuned to resonate with L2 at the de- 
sired overtone frequency. Thermal sta- 
bility of better than one part per million 


over a wide range of temperatures has 


been obtained with this oscillator. 


63. Tuned-Plate, Tuned-Grid Oscillator 
a. General. The basic circuit of a TPTG 








(tuned-plate, tuned-grid) oscillator is similar to — 
that of a simple crystal oscillator, except that a 


tuned circuit is substituted for the crystal in the 


erid circuit. A basic single-tube TPTG oscil- 
lator circuit designed for low-frequency use is 
shown in figure 89. The grid- and plate-tank 
circuits are tuned independently and there is no 
magnetic coupling between the two coils L1 and 


L2. The feedback path is through the plate-grid 


capacitance of the tube. Correct operation results | 
when the plate tank is tuned to a slightly higher 
frequency than the grid tank. This places the 
feedback signal in the proper phase for regenera- 
Adjustment of either tank controls the 


tion. 


L3 


Sourrur | 
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Overtone crystal oscillator circuit. 
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Figure 89. Tuned-plate, tuned-grid oscillator circuit, 
using lumped-property components. 


| amount of feedback. 'The tank that has the higher 


Q determines the frequency of oscillation. 

b. High-Frequency TPTG. The TPTG oscil- 
lator can be used at the higher frequencies if the 
tank-circuit impedances are changed to the reson- 
ant line type. Figure 90 shows a schematic-pic- 
torial representation of a TPTG oscillator using 


89 














parallel-line sections for tank circuits. This ar- 


rangement is suitable for use in the transition 
range of the 30- to 1,000-mce band. Since parallel- 
line sections are suited best to push-pull configura- 
tions and allow better performance and stability, 
two tubes wired in push-pull are used instead of a 


single tube. This increases the power output avail- 


able and also effectively places the plate-grid 
capacitance of the two tubes in series. Because 
the value of interelectrode capacitance is cut in 
half, operation at considerably higher frequencies 
can be obtained with the same circuit elements. 
The main differences between this circuit and those 


used at lower frequencies are the use of plate and 


erid lines LZ, and Ly, instead of lumped-property 
tanks, and the filtering provisions in the filament 
circuit. Adjusting the shorting bars changes the 


electrical length of the lines and tunes the circuit. 


to the desired frequency. Inductances Li and 
L2 are r-f chokes which are effectively open cir- 
cuits to r-f, and capacitors Cl, C2, C3, and C4 


are r-f short circuits, thus isolating r-f currents - 


from the filament supply. 
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Figure 90. Tuned-plate, tuned-grid oscillator circuit 
| using parallel-line sections. 


90 








Nee” 


c. Equivalent Circuits. 
(1) Reference to the equivalent: circuits shown 


in figure 91 will help in understanding 
the operation of the oscillator. In A, 
line sections Z, and Zy and inductances 
L., Li, and L2 are not shown since they 


— are d-c short circuits. Cy, represents the 


stray capacitance between the short-cir- 
cuited end of grid line Z, and ground, 
and the tubes appear to be in parallel. 
An r-f equivalent circuit, omitting tube 
capacitances, is shown in B. Since a . 
TPTG oscillator oscillates at a frequency 
higher than the resonant frequency to- 
which the tank circuits are tuned, lines. 
L, and L,, plus the plate and grid leads, 
are effectively less than one quarter-wave- 
length, causing them to appear as induc- 
tive reactances. Each cathode circuit 
consists of an adjustable capacitor, C;, in 
series with the tube lead inductance. 
Grid resistor #, and parasitic suppressor 
FR, are apparently open circuits for r-f 
currents, and the center points of the grid 
and plate inductances are shown con- 
nected to ground. The _ balanced-to- 
ground structure of the push-pull circuit 
maintains the center points of the lines at 
zero r-f potential. 

The cathode variable capacitors, U;, are — 
tuned to series resonance with the lead 
inductances, Z;. Since a resonant con- 
dition exists, and the cathode circuit 
losses are small, the cathodes are placed 
effectively at r-f ground potential as 
shown at C. Only one tube is shown, 
because they are identical. (,, and Cy, 
are the interelectrode capacitances. The 
similarity of this oscillator to the low-fre- 
quency oscillator shown in figure 90 is 
obvious. Ly, and Ly, in C of figure 91, 
correspond to Ly and LZ, in.B. The cir- 
cult can be redrawn and further simpli- 
fied, as shown in D. Since the tank cir- 
cuits are inductive at the oscillating fre- 
quency, they are represented by inductive 
reactances Xp, and Xg,. The plate-grid 


feedback capacitance, Cy», remains as in — 


C. At the frequency of oscillation, the 
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Figure 91. Tuned-plate, tuned-grid oscillator, equivalent circuits. 


circuit-is that of a conventional Hartley 64, Tuned-grid, Tuned-cathode Oscillator 
oscillator, as shown in D. Since the oscil- | , | 


lating frequency must be lower than that a. A tuned-grid, tuned-cathode oscillator using 
of the two tank resonant frequencies; the —_ push-pull line sections is shown schematically in 
tank tuned to the lower frequency con- _fioure 92. The grid and cathode lines in this 


trols the frequency of oscillation and the 
other affects the magnitude of the feed- 
back voltage. The oscillator output 
usually is coupled to the load by means of 
an inductive loop, located near a low- | 
voltage high-current point on the reso- is used to connect them, giving an effective short 
nant plate line. d, | circuit. | | 


oscillator are tunable, and the connection between 
the two plates is as nearly a perfect short circuit as 
possible. When tubes having appreciable plate 
lead inductance are used, a half-wavelength line 
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| Figure 92. Tuned-grid, tuned-cathode oscillator circuit, 
using parallel-line sections. 


6. The plate circuit in this oscillator plays no 
part in the oscillatory circuit, since it has been 
placed at r-f ground potential. The grid circuit 
functions like that described for the TPTG oscil- 
lator. In the cathode circuit, hollow tubular con- 
ductors form the r-f line section. These may be 


tuned to the oscillating frequency or slightly above | 


or below, thereby adjusting the reactance of the 
_cireuit, and controlling the amount and phase of 
- the feedback voltage. An r-f voltage exists be- 


tween points A and B on the cathode lines; there- | 


fore, standing waves are present on the lines and 
r-f fields exist in the space surrounding them. 
Since high-frequency currents travel on the sur- 
face of conductors, however, and these are good 


conductors, r-f does not penetrate to the space ~ 
Thus, the filament — 


within the hollow conductors. 
leads which are brought to the tube through the 
‘space within the tubular conductors are not af- 
fected by r-f currents. This shielding effect is so 
efficient that the relatively complex filter network 
used in the TPTG circuit is unnecessary. Capaci- 
tors Ci, C., Cs, and C.z are simple r-f bypass ca- 


_. pacitors. 


c. Broken down to its simplest form, ‘nis circuit 
is the equivalent of a conventional Colpitts oscil- 
lator. Adjustment of the grid shorting bar con- 


trols the frequency of oscillation, and it always — 
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sequently, the'output of the oscillator. 
a small amount of interaction between the con- 


grid, tuned-cathode oscillator. 


or cathode of the tube. 





must be adjusted to less than one quarter-wave- Ln 


length. Adjustment of the cathode shorting bar 
controls the amount of feedback voltage, and, con-— 
There is 


trols. One advantage of this circuit is that these _ 
are the only two adjustments required. Since 
only d-c voltage exists between plate and ground, 
and only: r-f voltages exist between cathode and 
ground, the peak voltage between any point in 


the oscillator circuit and ground is reduced to a_ 


minimum. The cathode is at ground potential 
for d-c, and output connections to the load may 
be made ay, by taps on the cathode line. 


| 65. Tuned- plate, Tuned-grid, Tuned-cathode 


Oscillator — 


A circuit combining the essential arrangements 


of the TPTG and tuned grid, tuned cathode oscil- : 


lators is called a tuned-plate, tuned-grid, tuned- 
cathode oscillator. Depending on the relative 
adjustments of the three lines, this circuit can be | 
made to simulate either the TPTG of the tuned- 


frequency depends on the swum of the lengths of 
the plate and grid lines; the feedback voltage de- 


_ pends on the ratio of ‘the plate- and grid-line — 


lengths, as well as on the length of the cathode | 


line relative to a quarter-wavelength. Since 


there are three variables in this arrangement, and, 


only frequency and the amount of feedback volt- _ : 
age to be controlled, numerous combinations of 


line length are ‘available, all of which will give the 
same frequency and efficiency. | 


66. Lighthouse Twbe Oscillator 


a. The lighthouse type tube, 2043, serves aS an | 


efficient oscillator at frequencies up to 1,000 me. 
It is particularly adapted for use in a ebaxial-line 
circuit configuration, in which it becomes an 
integral part of. the physical: circuit shown in 
figure 93. | 
6. The ousillatod assembly consists of three 
coaxial cylindrical conductors. The inner con- 


ductor makes contact with the plate, the next 


with the grid, and the outer one with the shell, 


is external for d-c, and through the capacitance 
between the cathode and outer conductor for r-f. 


The space between the cathode and grid conduc- 
tors forms the cathode line which is tuned by an 


Generally, the 


The cathode connection _ 
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figure 93. ‘Coasiat-line oscillator circuit, ‘sing lighthouse tube. 


. adjustable shorting plunger: The plunger does 

not actually touch: the grid conductor, but suffi- 
clent capacitance exists to provide an r-f short 
circuit. The d-c grid-cathode path is through Ry. 
The grid and plate conductors form the plate line 
_ which is open-circuited at the end away from the 
tube. An open-circuited plate line is used because 
of the high d-c voltage between the grid and plate 
lines. A re-entrant quarter-wave line, called a 
quarter-wave choke, is built into the end of the 


plate conductor to isolate r-f currents in the plate — 


circuit from the power supply. This choke can 

be adjusted with a plate- -tuning rod. The con- 

struction of the tube is such that the lead 

inductances and tube éapeleitanions form part of 
the tuning circuits. 

@. Because of the siewemeal of tuning cir- 
cuits, this oscillator can be called a tuned-plate, 
bined: cathode oscillator, which is a grid-isolation 
type of circuitry. Its equivalent is similar to the 
Colpitts circuit. 
a capacitive reactance, and is, therefore, tuned to 
a frequency lower than the oscillating frequency. 
The plate circuit must be inductive, and is tuned to 
a higher frequency than the frequency of oscil- 
lation. 
frequency somewhere between the resonant Te- 
quencies. of the cathode and plate tanks. The 
tuning of the plate line controls the frequency, 
and the tuning of the cathode line controls the 


amount of feedback, and the output. Correct 


tuning is indicated by maximum output. The 
completely shielded construction insures that 
no lines other than the plate- and cathode- 
_ tuning lines are potentially available to support 
parasitic oscillations. The only possibilities for 
wrong oscillating frequencies are those for which 
a une lines are 2 multiples of a quarter- “wavelength. 


The cathode circuit must present 


effect of the interelectrode capacitances. 
Consequently, the circuit oscillates at a | 


For example, with oscillations occurring at one- | 


third the desired frequency, the cathode line would — 

appear as approximately one quarter-wavelength. 
At this frequency, the plate line would act no 
longer as a 4/4 choke, but when measured from > 
the short circuit within the plate conductor around 


the open end and back to the tube, it would act 


approximately as a 5 4/12 choke. This length is 
sufficiently close to one half- wavelength that its 
reactance would be extremely low, and oscillations 
at that frequency would be impossible. | 


67. Ring Oscillator 


a. General. The power output of a two-tube 
push-pull oscillator is limited by the maximum 
allowable current-carrying capacity of the tubes 


used. The size of tubes in vhfand uhf oscillators 


is relatively small, to avoid excessive transit time 
and interelectrode capacitance. 
ations result in small available power outputs, 
particularly at frequencies in the upper portion 
of the 30- to 1,000-me range. Although the logical 
solution to the problem is to increase the number | 
of tubes, adding tubes in parallel increases the 
A ring 
oscillator (fig. 94) can be constructed by connect- 


‘Ing several push-pull units in such a manner that 


they operate as one circuit. Since push-pull ar- 
rangements are used, the tubes always are added 
in pairs, and the interelectrode capacitors are not. 
as great. To shorten leads, the tubes usually are — 
arranged about the circumference of a circle. The 


circuits of the individual push-pull units which 


makeup the oscillator are the same as.those already — 
described. There is no theoretical maximum, but. 


the principles of operation are the same peBerGtess ONE 
of the number of tubes. : 
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Figure 94. Ring oscillator circuit, using sie tubes. 


b. Operating Principles. 


(1) The schematic in figure 94 shows that the - 


six tubes are effectively connected in se- 
ries. Since the interelectrode capacitan- 
~ ces also are in series, the total capacitance 


is reduced. This advantage is somewhat | 
~ nullified because the lead inductances are | 


in series, and the total inductance is in- 
creased. The operation of each pair of 
tubes in this circuit is comparable to the 


tuned-plate, tuned-grid oscillator of fig-. 
ure 90. The outer ring is grounded and 


the cathodes are connected to this ring 
through half-wave resonant lines, placing 
the cathodes effectively at r-f ground po- 
tential. The plates and grids are con- 
nected to the mner and second rings, re- 
spectively, through quarter-wave tuned 
lines. The grid load, plate load, and 
parasitic suppression are furnished by 
circuits common to all tubes. Since the 
tubes are in push-pull, the instantaneous 
conditions in adjacent tubes are always of 
opposite phase. For example, assume 
that the grid signal of V, is a positive 


maximum at a given instant. .At the 


same instant, the plate signal of V, will 
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be at a negative maximum. The plate of 
 V., approximately one half-wavelength | 
away, is positive because of the standing 
wave of voltage on the tuned transmis- 
sion line. The signal on the grid of V2 
is produced by the interelectrode capaci- 
tance and is a negative maximum. Con- 
tinuing around the ring in this manner, 
the electrode voltages of alternate tubes. 
are in phase, and those of adjacent tubes 
are 180° out of phase. rs 
(2) The arrangement of tubes around a circle 
with the plate lines connected at the cen- 
ter allows the output to be taken off by 
means of an inductive coupling loop 
placed close to the plate ring. One of the 
disadvantages of the ring oscillator is 
the number of adjustments that must be 
made. If they are not made properly, 
inefficient operation will result, or, in — 
extreme cases, the circuit will not oscil- | 
late at all. Because of the symmetrical 
- mechanical arrangement of the circuit 
elements, it is possible to gang together. 
similar adjustments, and reduce the con- 
trols to a relatively small number, sim- 
plifying operation. as . 
68. Butterfly Oscillator | | 
The butterfly tuner is particularly useful in _ 
applications where it is necessary to tune the cir- _ 
cuits through a wide band of frequencies. They 
are used commonly in the vhf and uhf receiver 
local oscillators where power requirements are low. © 
A pictorial diagram of a butterfly tuner used in a — 
receiver local oscillator circuit is shown in figure 


so 


95. This oscillator is used in one of several inter- 


changeable tuners covering different frequency — 
ranges. This receiver monitors enemy radar sig- 
nals and, since the frequency of these signals is 
unknown, the receiver must be tunable over a wide 
range of frequencies, with a minimum number of 
different tuners. The butterfly capacitor is well 


adapted to this type of service, and this particular | 
circuit covers frequencies from 100 to 500 me. The 


butterfly unit is about 414 inches in diameter. The 
10 silver-plated brass stator plates and 9 silver- 


- plated brass rotor plates are shaped to provide a 


semilogarithmic frequency variation with rota- 
tion, and a relatively high resonant impedance at 
the lower frequencies. The oscillator tube, a 955 
acorn triode, is mounted directly -on top of the 
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unit. Its plate and grid leads are connected to the 


butterfly by means of low-inductance arms. Fig- 
ure 96 shows the schematic diagram of the oscilla- 
tor. Capacitor C1 and resistor R1 serve to isolate 
the plate supply; Z1 is the butterfly tuner, which is 


connected between the grid and plate of the tube. - 
Energy is coupled to the grid circuit through ca- 


pacitor C2, and resistor R2 is the grid load. The 
plate-grid capacitance of the tube Cy, serves as 
the feedback path. To reduce the resonance ef- 


~ fects of cathode lead inductance, which would 
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Figure 95. Construction of 100- to 500-me butterfly oscillator assembly. 


cause serious dips in the frequency curve of the 
oscillator, the cathode and heater leads are isolated 
from ground by means of damping resistors R3 
and R4. These are shunted by r-f chokes L1 and 
L2, which are wound around the tubular resistors, 
and furnish a low-resistance path for the heater 


current. Capacitor C3 bypasses r-f currents to 


ground on the high side of the heater circuit. The 
output is coupled inductively by a pick-up loop, 


as shown in figure 95, and fed to the 1-f amplifier, 





INSULATING PILLAR 


GRIDCAPACITOR sé 


together with the r-f signal which is inserted ae . 
through the uouunes crystal mixer. | 


69. Summary 


a. Oscillators in the 30- to 1,000-me inna are 
used to generate r-f energy for transmitters and 
as local oscillators in superheterodyne receivers. 

b. Special circuits and components are required 
in this frequency range for good percentage 


- stability of operating Peuieee. 


c. In harmonic oscillators, the grid circuit, 





GRID ARM 


RI : 
ISOLATING PLATE 
RESISTOR ch. 
| _R-F BYPASS 
_ CAPACITOR 
TO 
PLATE 
SUPPLY 
PLATE ARM 
SHIELD 


TM 667-713 


which usually is crystal-controlled, resonates at a 
fundamental frequency; the plate circuit is tuned 
to some harmonic of the fundamental frequency. 
_d. An overtone crystal oscillator generally is 
characterized by the use of a specially cut crystal 
which vibrates at some overtone of its funda- 


- mental frequency. The overtone is related to, but 


not equal to, some odd harmonic of the funda- 
mental. | 

_é. This overtone is the lowest frequency present 
in the circuit, simplifying construction as well as © 
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| Figure 96. Hutieray local oscillator 100- to 500-me 
pas diagram. 


the problem of soarone oscillations. The oe 
circuit of an overtone oscillator is tuned to the 
same frequency as the grid current. 

| f. In a tuned-plate, tuned- erid oscillator, there 
are separate tank circuits for grid and plate, and 


there is no magnetic coupling between the tank | 


- circuits. 
g. As the operating frequency is increased, the 


| lumped-property tank components of the TPTG | 
oscillator are replaced by parallel-tuned reso- 


_ nant- line sections. 

h. At the operating frequency, a TPTG Sect 
lator circuit is the equivalent of a Hartley 
= oscillator. 

- 4, A tuned-grid, tuned-cathode oscillator breaks 
down into the equivalent of a Colpitts oscillator 
circuit. 
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j. The essential features of the TPTG oscillators 
sometimes are combined in a tuned- plate, tuned- 
erid,. tuned- cathode arrangement, giving advan- 
tages of increased flexibility. | | 

k. At frequencies above 300 me, a ‘lighthouse 


tube often is used as an oscillator in a resonant 


coaxial-line configuration. 

1. When r-f energy is required at high power 
levels, several push- -pull parallel-line oscillators, 
may be arranged about a curéle to form a ring 
oscillator. 

m. For leer paweat ‘receiver local oscillators 
which must be tunable over a wide frequency _ 
range, the bubterly oscillator produces ab 7 
results. | ol 


70. Review Gucstions | 


a. What does an oscillator circuit consist of? 
b.- What is meant by percentage stability? 
c. What determines the upper frequency limit | 
at which a tube will oscillate? — Hee 
d. What is the difference between a harmonic . 
oscillator and an overtone oscillator ? 
e. How do frequency multipliers operate? 
— f. What are the advantages of an overtone 
oscillator’ pee : 
g. Why are TPTG oscillators used at the higher as 


frequencies ? 


h. Explain the opumtion ef” a foned- plate, a 


tuned-cathode oseulator circuit using. parallel- line 
sections. 
Explain she operation of a tuned- plate, 
oneal grid, tuned-cathode oscillator circuit. 
j. How is a lighthouse oscillator assembly con- — 
structed ? , | 
k, What is a ring solleicn 


i. What are the advantages of a ring oscillator? 


—m. What is a butterfly tuner and how does it 


‘operate! ¢ 





CHAPTER 8 
"COUPLING PRINCIPLES AND CIRCUITS. 





7 1. Differences from Lower Frequency Prac- | 


tices 


It often is necessary to aan r-f energy from 


s one circuit to another, and this transfer of energy 


is called. coupling. Almost any element in a slg- 
‘nal circuit of a receiver or a transmitter acts to 
couple energy from one point in the circuit to an- 
other, often while serving another purpose. For 
example, an i-f transformer serves as the coupling 
device between the plate circuit of one tube and 
the grid circuit of the next, and also provides con- 


trol of bandwidth.as well as.a path for the d-c_ 


voltage. The principles on which coupling de- 


pends are the same at all frequencies, but the 


shorter wavelengths make different physical con- 
figurations necessary for coupling devices in this 
range. Where electrostatic coupling is not wanted, 
it is necessary either to shield the inductive cou- 
_ pling loop with a Faraday screen, or to mount it in 
such a position that coupling is at a minimum. 
This is true also at lower frequencies, but to a 
much lesser extent, because of the smaller pro- 
portion of capacitive coupling to inductive cou- 
pling. The low-frequency tank- circuit inductance 
shown 1 in figure 97 is designed to operate at about 
7 mec. The.coil in the center inductively couples 
the larger coils to another circuit. The coupling 
coil is large at the low frequencies, but as the fre- 
quency is increased, adequate inductive coupling 
can be obtained with a relatively small inductor. 
‘Thus, at 30 me or above, it is common to use only 


a single-turn link for coupling to the tank cir-— 


cuit. This is shown in the lumped-property com- 
ponent tank circuit (fig. 80) for use at about 
a. 0 me. | ee 


72. Added Functions. 
_ In addition to their primary function of pro- 
_ viding a controllable means of coupling energy 
from one circuit to another, coupling devices in 








Figure 97. 


Low-frequency tank-circuit inductance. 


practical equipment often are designed to perform 
certain other functions. Isolation of circuits for 
direct current is one of the most common func- 
tions of a coupling circuit, because this is neces- 


sary between most stages of transmitters and re- 
celvers. 


Obviously the plate voltage of a stage — 
must be kept off the grid of the following stage | 

in grounded-cathode amplifier circuits. This is 
equally important at low or high frequencies, and 

can be done easily by using inductive or capacitive | 
coupling for the signal frequency, with no d-c con- 
nection. A change of impedance in the signal cir- 
cuit permits effective transfer of energy from the 
relatively high impedance of a vacuum-tube out-— 
put circuit to the relatively low impedance of a 
load such as an antenna. Couplings of this sort — 
permit hoger td range of impedances to be 

matched by adjusting the degree of coupling and. 
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oo between coupled circuits. 
~ to match a balanced-to-ground circuit to another 
circuit in which one side is at or near ground po- 


can be used to provide a fixed ratio of impedance 
Coupling also is used 


. tential. This can be accomplished at low fre- 
quencies rather easily, but at higher frequencies 
‘itis more difficult because of the unbalancing ef- 


fect of a relatively small difference in circuit — 


capacitances. — 
73. Practical Coupling Devices 


- The requirements of a given piece of equipment 
may make necessary'a special circuit or device 


a for coupling, but the principles involved in the 


transfer of energy remain the same. Careful con- 
sideration of the particular coupling device con- 
cerned usually will make the operation clear. 


These principles are the same at all frequencies 
~ and depend on conductive, inductive, or capacitive : 


effects. The degree of coupling is adjustable in 
-many coupling devices, usually by a simple me- 
chanical motion of the pick-up device, which may 
~ be an inductive loop or a capacitive probe. An 
adjustment of this kind may be used to control 


the loading of a transmitter, and. the amount of | 


energy delivered to the load circuit. 


74. Inductive Coupling Methods 


Many coupling devices depend on mutual indue- | 
tion between the circuit from which the energy is 


to be taken and the coupling device. The pick-up 
loop is mounted near the point where the largest 
current flows, and energy is taken from the cir- 
cuit. The flux density of the r-f magnetic fields is 
~ greatest there, and a given degree of coupling can 
be obtained with a smaller coupling loop, and 
usually with less detuning. It is relatively easy 
_ to couple energy from a high-impedance circuit 
to a low-impedance load by inductive methods. 


This system is used in practical equipment, par-— 


- ticularly where considerable power is to be trans- 
ferred, such as coupling from the final amplifier 
of a transmitter to a transmission line.. 

a. Tuned-Link Coupling. In the part of the 
30- to 1,000-mc band in which lumped-property 
components are practical, the inductively coupled 


_ tuned-link arrangement is used frequently. The 
_ transfer of energy from the tank-circuit coil to the 


| tuned link is accomplished almost entirely through 
the mutual inductance between them. In circuits 
in which it 1s essential that capacitive coupling 
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be reduced, the single-turn link may be inclosed in 
a Faraday screen. This almost eliminates capaci- 
tive coupling, but has practically no effect on in- 
ductive coupling. ‘Control of capacitive coupling 
is usually necessary only where radiation of har- 
monics of the signal frequency must be reduced to 
the lowest possible value. The amount of coupling 
is greatest at resonance, because the capacitive re- 


-actance equals and cancels the inductive reactance 


and maximum current flows. Such a link cou- 
pling provides a good match from the tank circuit 


to a coaxial transmission line, and is mechanically _ 


and electrically rugged and easy to adjust. It 
also isolates the d-c plate voltage of the amplifier — 
from the output. circuit. The frequency range 
over which it can operate correctly is limited by : 
the tuning range of the tank circuit. In equip- 
ment in which the tank coil can be changed to pro- 


vide another tank-tuning range, the link also can — 


be changed to match. When an untuned link — 
coupling to the center of an amplifier tank circuit — 
is used, the coupling is varied by moving the link 
in or out of mesh with the tank coil. The series- 
tuned link usually is easier to adjust, and will 


_ operate well over a greater range of frequencies. — 


b. Tuned-Link Coupling. to Linea Tank Cir- 
cuit. Figure 98 shows a series-tuned link coupling _ 


--used with a tank circuit made of a section of 
transmission line. 


It is electrically similar to — 
the series-tuned: link coupling made of lumped- 
property components; however, the method. .of 
tuning the link to resonance differs. The length of 
the section of coaxial transmission line at the 
ground end of the link is adj usted until the capaci-— 
tive reactance is equal to the inductive reactance of ° 
the link. The tuning is done by moving the inter- 
nal shorting ring of the series-tuning stub in or 
out as-required to resonate the link at the operat-— 
ing frequency. The spacing between the U-shaped 
link and the tank circuit is fixed, and the loading 
adjustment is made by adjusting the series tuning 
of the link. The efficiency, mechanical and elec- 
trical ruggedness, and stability are the same as 
those of the lumped-property circuit. This dis- 
tributed-property type of coupling device is well 
suited to coupling in practical equipment using 
parallel-conductor line-section circuit elements. 
Equipment of this sort is used commonly in the 
frequency range between about 100 and 500 me. 

c. Adqustable Link for Coaaial-Tank. Circutt. 
In coaxial-line tank (fig. 99) circuits used for 
the upper part of the 400- to 1,000-mce range, series- 


- cult elements. 
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Rigure: 98. “Series-tuned linear tank | link ‘coupling. 


tuning arrangements may be difficult to desion, be- 
cause of the mechanical. configuration of the cir- 


tuning ring of the coaxial- tank circuit. ~The cou- 


S pling loop remains near the high- current, low- | 
voltage region of the coaxial tank, ‘regardless of 


how the tuning ring is moved in ‘Hormal tuning. 


- Adjustment of the amount of coupling, therefore, 


must be made by some other method than ohne 
ing the spacing, or tuning to resonance. This is 
| accomplished by: turning the loop about the axis 
_of the center conductor of the coaxial connecting 
fitting. Since the strongest part of the r-f mag- 
netic field in the coaxial tank exists as lines of 
force surrounding the central rod or tubing con- 


S ductor, turning the plane of the coupling loop. 


perpendicular to the radius of the tank reduces 
the inductive coupling to a minimum. In that 
position, both sides of the loop are at the same 


distance from the central conductor, and have 


equal and opposite i induced volteges; which cancel. 





Adjustable link couplings in the | 

plate and grid circuits of a coaxial amplifier stage _ 
are shown in figure 99. The coupling link consists oe 
of a half-turn loop: mounted on the inside end of | 
the coaxial- line connection fitting - mounted in the — 








Figure 99. Link coupling in a coasxial-line circuit. 


When the plane of the coupling loop is rotated to : 


a position parallel to the radius of the tank cir- 


cuit, one side of the loop is nearer the central con- 
ductor of the tank by the width of the loopy The 
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voltages in opposite sides of the loop no longer : 


_ balance, and current can flow out through the « co- 
axial line to the load. 


75. Capacitive Coupling Devices | 
Where the load circuit to which it is desired to 


poe couple energy is a relatively high impedance, the 
use of capacitive coupling (fig. 100) ig more con-— 


venient than inductive methods. ’ The adjustable 
capacitance tab (probe) is actually a small metal 


_ plate which acts as one plate of a capacitor, with | 


the center conductor of the tank acting as the 
other plate. 


current point, energy can be transferred readily 
through the small capacitance between the probe 
and the central conductor. Obviously the degree 


- of coupling can be adjusted by moving the probe 


- inor out, which increases or decreases the coupling 


= capacity, This change of capacity also changes 
_ the resonant frequency of the tank circuit, so that 


_ it is necessary to retune it to resonance when any 
- major change in the coupling capacitor 1s made. 
In general, a large change in coupling with any 
. system, inductive or capacitive, will cause some 
| change in the tank- circuit tuning, but, with 1n- 


epee 
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Figure 100. 


ucise methods, this detuning effect is smaller 


for a given change of coupling. Capacitive 
- coupling is effective over a relatively wide fre- 


- quency range, once it has been adjusted to the | 


proper value, and does not require frequent re- 
adjustment when the tank-circuit tuning is 
changed. This is true because the coupling cir- 
cuit is not resonant. Because the load is shunted 
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Since the nonshorted end of such a — 
quarter-wave line section is a high-voltage, low- _ 


| “ADJUSTABLE 
CAPACITANCE TAB 


TATTTI TICE 


Capacitive coupling in @ coawial- tank etroutt, 





effectively’. across ‘the high- ihataice’ ead of the a 
tank circuit, such capacitive coupling systems a 


not suited far coupling to low- impedance circuits, | 


~ unless the degree of coupling i is kept very small. — 


For example, if a 50-ohm coaxial line connected to_ 
a 50-ohm load were connected to the probe in 
place of the grid of the following stage, which is 
a relatively high- impedance load, the tube in the 


coaxial stage would see the 50- eh load shunted 


across the high impedance of the coaxial tank. 
For efficient: operation, vacuum tubes require @ 
load impedance at least comparable to their own 
internal impedance, which is usually several thou- 
sand ohms, unless the tube is operating as a cathode 
follower. 


76. Balanced-to-Unbalanced Coupling 


“When a circuit balanced. to ground _ for the 
signal frequency is to be connected to a circuit | 
with one side at or near ground ‘r-f potential, it 
is possible to combine this function with that of | 


coupling. This can be done with either inductive 


or capacitive couplings, but when: an impedance 
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step- down. is needed also, inductive coupling is 
much more practical. 


a. The coupling method described j in paragraph: o 


74a is designed to transfer the r-f output from a 
push-pull amplifier tank circuit to a low-imped- 
ance coaxial line, in. which the outer conductor 


is at. ground. r-f£ potential. | A single- ‘turn cou- 








The shunting effect of such a 50-ohm 
load would ruin the efliciency of the stage, if it 2 
| were coupled directly across Bie coaxial tank. | 





ping: loon’) 1s ‘egunled induetively to the alsbtiival 


center of the tank coil, which is at. ground. poten- ‘ 


tial for the signal frequency. The capacitive cou- 
pling between the loop and the tank inductor is 
small, because of the small surface area of the 
loop, and the separation between it. and the tank 


coil. Because of these two facts, very little un- 
balance is caused by. the coupling loop. The | 


change from high to low impedance is accom- 
' plished by the step-down transformation ratio be- 
tween the tank coil and the coupling loop. 
6. At frequencies up to 500 mc, where parallel- 
conductor line sections are used commonly as cir- 
cuit. elements, a a series-tuned loop with one side 
at ground potential is considerably less effective 
for such balanced-to-unbalanced coupling service, 
because the loop area is larger in proportion to 
the frequency, and the capacitive coupling Is 


- Jarger, often being equal to the inductive. cou- 


pling. Since the capacitive coupling of a loop 


with one side grounded will be greatest in the un- 


grounded side, the loading'of the linear tank will 
not be symmetrical, and the circuit will be un- 
balanced. This causes radiation losses from the 
| tank, and forces the ee current to divide un- 


i | “BALUN SHORTING LINE 


BALUN LINES 


PARALLEL-LINE 
TANK CIRCUIT 


evenly between the two tubes in push-pull ‘stages. 
The difficulty can be eliminated by using a cou- 
pling loop combined with a balun, as shown in 
figure 101. The coupling loop is constructed of 
tubing similar to that used in the linear tank. 
The balun shorting bar is adjusted to make the 





bie 101. Balun coupling loop. 


. length between it and the ends of the tubes form- — - 2 
_ Ing the loop an electrical quarter-wavelength at = c 
_ the operating frequency. When this is done, the. 


ends of the tubes are both at the same r-f. poten- 


tial in respect to ground, and the center of the 


loop mounting support can be grounded. AI- 
though this coupling system is mechanically more 
complex than a simple loop, it has important ad- 


vantages when used with parallel-conductor line- _ 
section tank circuits. 


The electrical symmetry is | 
so good that it does not produce a serious un- 
balance with push-pull tanks, and it is less critical 
to adjust than a series-tuned loop. It is also us- 
able over a wider frequency range with a given | 
adjustment. The adjustment of the amount of — 
coupling in such a system is made by varying the 
spacing between the coupling loop and the tank, © 
which adds somewhat to the mechanical comple: 7 
ity of the arrangement. _ 


77. summary 


a. The transfer of energy from one circuit to | 


another is called coupling. : 
6. The principles on which coupling dese ds : 


50 OHM LINE TO LOAD” 








SHORTING BAR 
FOR PARALLEL LINES | 
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are the same at all frequencies, but the shorter 
wavelengths make different physical configura- 
tions necessary for coupling devices. 

c. Adequate inductive coupling can be obtained 
with a relatively small inductor at the higher 
frequencies. | | 


x 








| : | Hae coupling in a link-coupled device. 
practically no effect on inductive coupling. | 
hw The series-tuned link is easy to adjust, and 


a Isahition of *einilits oe Jiveot current is 


“ necessary between most stages of transmitters and 
receivers. 
inductive or capacitive coupling. 
- e. Coupling devices can be used to mane afae: 
tive transfer of energy from the relatively: high 
- impedance of a vacuum-tube output circuit to the 
relatively low Ai pecans of a load such as an 
antenna. | | . 
f. Many coupling devices sepaua on mutual in- 


. duction between the circuit from which the energy | 


is to be taken and the coupling device. 
_g. Faraday shields can’be used to reduce capaci- 
They have 


operates well over a wide range of frequencies. 
4, The distributed-property type of coupling de- 


: vice 1s well suited to coupling in practical equip- | 


‘ment using parallel-conductor Ime-section circuit 
elements. 


a j. Where the load circuit to which it is dosirad . 

to couple energy is a relatively high impedance, 
_ the use of a capacitive coupling is nfore convenient 
than inductive methods. | 


en) ee eee 5m 


This can be accomplished by either | 





Th: A Anis change of voupliie « witli any y eyatent | 
inductive or capacitive, will cause some change in. 
tuning but, with inductive methods, this detuning | 
effect 1 is smaller for a given change of coupling. 


78. Review Questions 


a. For what purposes are coupling davicad used ? 


_ 6. How can the degree of coupling be adjusted _ 
In inductive 


in capacitively Soup circuits? 
circuits? 

e Why is the. pick: “up Toon: in an ‘inductively 
coupled circuit mounted near yee point of maxi- — 
mum current flow? | 


d. Why is control of capacitive coupling wally pa Bs 


necessary in an inductive circuit? — | 
_ é. How is coupling achieved i in a coaxial- tank 
circuit? 


jf. Where does the strotipest part of the r- f mag: spe 


netic field exist in a coaxial tank? 3 
g. How can capacitive coupling be accomplished : 
in a quarter-wave line section? 


h. How can balanced-to- unbalanced. coupling be os | 


accomplished ‘ Gy 


4. What will be the effect of nonsymmettical oe 


loading « ona linear tank circuit ? 
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a 79. Introduction 


ag Field Relationships. 
— radio equipment in the frequency range from 30 


‘To wires efficient use of 


to 1,000 me, it is necessary to understand the natu- 


ral phenomena that influence the propagation of | 
| The effects of ‘ 
the atmosphere and the surface of the earth | on 
frequencies above approximately. 30. me vary with: 


radio waves at these. frequencies. » 


_ climate, terrain, geographical location, frequency, 
and other sqnditions. 


angle to each other, and both are also at a 90° 


ca angle to the direction of wave motion. This basic 


physical relationship in space is shown i in figure 
102. 


the observer. 


in relation to the distance’ to the antenna, the 


~ curvature of the surface may be neglectéd for | 
This means that a given — 
- small area of such an equiphase: surface can berep- 


practical purposes. 


resented as a plane surface. | 
6b, Radio-wave Representation. A single com- 
plete wave occupies the space between A and A,, 


and several equiphase planes within the wave are 


shown. Solid vertical lines represent the lines of 


force in the electrical field, and dotted horizontal — 


lines are used for the fouce: lines in the magnetic 


field. In each equiphase plane, the weight of the — 
lines indicates the intensity of the electric field in 
Thus, in planes B, D, and B,, the field — 
has its greatest intensity, and i in planes A,C,and . 


that plane. 


_A,, the field strength is ZeL0. This is. ‘shown also 


by the background shading, whigh is heaviest in 
the planes of greatest instantaneous field strength, 


In any radio wave, the 
electric and magnetic fields are at exactly a 90° 


A train of radio waves is illustrated mov- 
ing from left to right across the field of view of 
If all points of identical phase i ina 
selected wave could be made visible at a given — 
instant, they would be seen to form a surface — 


small area directly above the antenna. | 
- radio communication, the plane of polarization © 
of the received radio wave at any given point may 
differ somewhat from that at the transmitting 
-This-is because of the effects of reflec- 


~~ antennas. 


and on the snsiph-it field intensity above the pic- oe 
torial view. Only a small area of each equi- 
phase plane in the advancing wave is shown filled _ 
This is necessary to prevent ~ 
‘confusion, but the lines should be imagined as ex- 
tending to considerable distances, both vertically ’ 
and horizontally. age | ee 
: A radio. wave 1s considered to 
be polarized in the plane of the electric field lines. — e 
~The choice of vertical or horizontal polarization =~ 
Is governed by such factors as the extent and direc- _ 
tion of the area it is desired to cover from a given 


in with force lines. 


2, Polarization. 


transmitting antenna. For example, if it 1s de- 
sirable to radiate the waves in all horizontal direc- 


tions from the transmitting point, a simple half- 
- wave dipole mounted with its axis vertical is often 
chosen. — 

radiates equally well in all horizontal directions. _ 
-It also radiates upward sufficiently to communi- 


cate satisfactorily with aircraft, excepting for a 
curved on a radius - centered on. the antenna. | 


_. When the antenna is at a considerable distance 
~ from the observing point, and the portion of such 
a surface of identical phase considered. is small 


Such a vertically polarized antenna 
In actual 


antenna, 
tion from the ground and surfaces such as water 
tanks and buildings. 
elliptically polarized radio. waves from special 


tion rotates as the wave advances. 
such waves are used almost entirely in experi- 
mental work, see 


80. Propagation of Direct, sky, and Ground 


Waves 


a. General. 


The direct 
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It also is possible to radiate. 


Ta considering propagation in ae | 

30- to 1,000-me band, only the direct- -wave-mode 
of propagation is aitective at all times. 
wave is defined as that part of the radiated energy 
that travels directly from the transmitting an- 
-tenna to the receiving antenna, without being : re- 


‘In such waves, the plane of polariza- * 
At present, 


= 
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oe the dotted line. 


under unusual ionospheric conditions. 





| ‘fubned frome the sSlonospliete abévec or > pelleted from | 
the surface of the earth or objects « on or above it. 
as Sky propagation and. ground-wave propagation, .. 


which account for the long distances covered by 


radio waves on lower. frequencies, become less 


effective as the frequency is raised above 30 me. 


gt frequencies of 100 me and above, they are of | 
he ‘little practical use, except under unusual circum- 
stances. ee 


8, Propagation: Figure 103 shows the portions 


. of the radiated wave in the sky wave, the reflected _ 
 -wave, and the direct wave, also called the space 
The sky wave is considered to be that por- 
tion of the radiated wave that reaches the receiv-_ 
- ing antenna after being deflected downward from 
oS Sts original direction. 
weak as the frequency is increased, as shown by 
At 30 me and above, most of the 


| wave, 


This wave becomes very 
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Figure 1 03. 


energy radiated _ Passes through the ionosphere 


with only. slight downward bending, excepting 
Ground- 
wave propagation, strictly speaking, refers to the 
- part of the radiated energy that moves along the 
7 ‘surface of the earth at and closely above the 

| pouty between the surface and the air above 
At frequencies below 3 me, the ground wave 
‘ (Gsnatimes called the surface, or surface-guided 
wave) is strong enough to permit. communication 
at distances far beyond the optical horizon. At 


the higher frequencies, however, the attenuation 


of the ‘ground wave is great, and the true ground 
or surface wave- decreases | in,. strength So ia 





| purposes. 





DIRECT WAVE, 


WR = 





beyond the horinati that es is tipeleis for sitactioal foe 
Because of these conditions, sky and 
ground waves are relatively unimportant in 1 this ee 
- frequency range most of the time. : eres 
¢. Reception. The radio energy intercepted by Aes 


a receiving antenna, located relatively near but — 


above the surface of the earth, is actually the re-. od 


sultant of the direct and peflected waves that reach 


that point. The reflected wave is almost always , 
the weaker of the two, because of some absorption 
and scattering at the reflecting point. Asaresult, 
the actual strength of the signal generated in the: a 
receiving antenna may be either stronger or weak- 
-er than that which would be produced by the. - 
direct wave alone, the strength of the signal de 
pending on the phase relationship between ties 
direct and reflected waves at the antenna. There- 
lected wave is usually weaker, and the two waves ae 
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Direct, sky, and reflected WAVES, 


seldom will cancel each other completely: even 


when they are exactly out of phase at the re- 
Because of the relative inef- 
- fectiveness of sky-wave and ground-wave propa- 


celving antenna. 


gation in the vhf and uhf bands, only those points 


on or above the surface of the earth that can be > on 


reached by the direct wave are normally within 
effective communication range. 


The aircraft at C and the antenna on the tower — 


at B receive good signals, but the jeep at D re- 


ceives only a very weak ground-wave signal. 
d. Radio Horizon. | 
waves move in straight lines in free space, it might 


(105 — 





The general ef- of 
fect on communications can be seen in figure 104. aca auf 
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: "goa at first that combitnication beyond the range © 


: at which the receiving antenna actually can be 


seen from the transmitting antenna would be im-— 


| possible. Experiment has shown that this is not 


true. The actual range beyond true optical line 
of sight is rather limited in the vhf and uhf bands, 
except under unusual atmospheric conditions. . 
For this reason, radio waves above 30 me often 
are referred to as. quasioptical, to indicate that 


they behave similarly to light waves. Since radio 


= waves in this frequency range do behave similarly s 


to light waves, their propagation characteristics 


~ are often called line-of-sight transmission and re- 
ception. Actually, the radio horizon is somewhat _ 
-. beyond the optical horizon under normal condi- — 


| tions of the lower part of the atmosphere, which 
is called the troposphere. 


as its actual radius, a straight line drawn from 
the transmitting antenna to the visible horizon of 


“this larger earth will indicate the true radio line- 


of-sight distance. The difference in the behavior 
of light, and that of radio waves in this band, is 


due almost entirely to the difference in wave-— 


Jength. 
e. Practical Range of Commumicditon. ‘With 


| reasonable antenna heights at the transmitter-and | 
receiver, and transmitters of 50 to 100 watts, re- 


- Jiable communication by a-m (amplitude-mod- 


~ ulated) radio. telephone can be had at distances up 
This rough estimate of, distance is 


to 100 miles. 
ms for average rolling country during normal tropo- 


| a1. | Reflection of Radio Waves 


| If the earth is con- | 
~ sidered to have a radius about 1.33 times as great 


tively than those of other dimensions. 


spheric conditions, ana? may be rodived greatly. 


by other factors. With greater antenna heights at ee 


one or both ends of the link, or with greater trans- 


- mitter power, the reliable communication distance _ 
can be increased, somewhat. ° 
varies greatly in different localities, and the radio’ 
equipment available for use is of many types, it — 
_is beyond the scope of this manual to attempt a 
description | of the performance | to, be expected 

when all these factors. are varied. | | 


Because the terrain 


Reflection: of radio. waves in this 





a . General. 


“srenpuesig range occurs by the same process as.at 


lower frequencies, ‘When electromagnetic waves — 
of any frequency, encounter an obj ect of different. 


conductivity and/or dielectric constant from that 


of the medium in which they are moving, some of — | 


the energy will be reflected.. The degree of re- . 


flection will depend on the conductivity: and die- : 


lectric constant of the obstacle and its physical size 
as compared with the wavelength. The better the — 
conductivity of the reflecting obj ect, or the greater 

the dielectric constant, the more effectively it will 


reflect radiation of a given wavelength. Also, . 
large obj ects of a given material reflect better than — 
small ones. Objects of a half- -wavelength or exact ; 
multiples of a half- -wavelength, in the plane of po- 
larization. of. the. radio waves, reflect more effec- 


less than one- ‘fifth h wavelength act rather to scat- cs 
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ee the madiation : over a 1 lange angie than t to reflect / : | coe 


it in a given direction. . 
bd. Ground Reflection E fects. 


OD, One of the most. important pffecta 3 is that a 
| produced by radio waves reflected. from 
the ground after leaving the transmitting — 

a The paths followed by the di- 
eae rect and reflected. energy traveling be- 


antenna. 


tween two antennas ‘relatively near a 


ane (2) 


plane seine surface ¢ are e shown i in fig- 
ure 105.0, | : 
Tt can be seen “phat, for “the ‘conditions | 


given, R is the only point. on the surface 


from which reflected energy can reach 


antenna B from antenna A. Waves re-_ 


_ flected from M and N do not pass through 
— B, and would not produce any effect in an 


ms antenna: lecated there. 


‘However, with 


antenna B located at any other point 


~ aboye the surface of the earth, there will. 


always be some, point on. ‘the surface 


= _ from which it can be reached by reflected 


nee Abe direct wave arriving’ along path A-B- S 
and the reflected wave arriving along — 
path A-R-B, is dependent. on the differ- 
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we waves. The phase relationship between 
i 
ye ee, 
Al oo ubseeste" eae o> WAVE 
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ee IS © as 


Za a 


~ ence in- length of the paths A-B and 
_ A-R-B, the polarization, and the amount 
Oe, phaee shift that occurs at the reflect- 


ing point. The difference in path length - 
will vary as the relative location of the — 
- antennas is changed in ‘respect to the sur- 
. face of the earth, and the phase shift oe 


the reflection ‘point will vary also as the 


angle of incidence and /« or the conductivi- 
ty and dielectric constant | of the surface 


| 221643°—52-—_8 





(3) 


: changes. 


whole region above the reflecting surface. 
Figure 106 shows a cross section of the - 
lobe structure, with the dotted lines — 
drawn through points of maximum and 


minimum field strength. — 


The curvature of the earth modifies: nee 


lobe pattern only slightly, because the — ee | 
radius of the earth is large in relation to | ee 

the distance being considered. However, 7 
the effects of ground- surface deveignthele a oe : 
ties are considerable, because. they ale oes 
approximately of the same magnitude : as, 
or larger than the wavelengths of radio 


waves within this frequency band. The 


over-all result is that, even ‘over aces) oe 


smooth terrain, the lobe structure of 


st 


_ Figure 105. Direct and reflected waves above plane- reflecting surface. 


maximum and minimum signals is usual- 


ly rather broken up. The differences in : 
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amplitude between maximum and mini- | 


mum signal strength points are a great. 


- deal less than they would be over a per- — 


of maximum | 
strength. F igure 107 shows a three-di- | ae 


fectly regular, smooth surface. However, 
there is enough of the lobe structure effect 
to show up as considerable variations in 
received signal strength in an aircraft fly- 
ing a straight course toward a distant. 
transmitting antenna. As it approaches _ 


the transmitting antenna at a constant. 


altitude, there will be alternate regions 
and minimum signal 


| ‘The over-all effect of this com- coe 

a bining of direct and reflected energy is to - 
produce a pattern of alternate lobes of 
reinforcement and cancellation in the | 


| Y | 


™™ 667-9215 








TM 667 -93 


Figure 106. Lobe structure of radiated field. " 


- mensional view of the lobe structure, as the interference thus produced can be.’ 
it would be radiated from a directional serious. ,In receiving television signals, _ 
antenna. The shape and depth of the multipath reception produces a ghost — 
lobes have been idealized as they would image or images displaced to the right of 
exist over very smooth terrain, in order = ~—_— the main image on the face of the kine- — 
to show the effect. . eee | pied SCORE Me ee ae Barer Sue 
(4) Reflections from objects of good conduc- (5) The.amount of displacement for a given 
tivity are particularly strong, and since = ~—_ difference in path length depends on the — 
“many of the works of men are metallic, © —ssize of the television screen: For ex- 
reflections from them often are trouble- . ample, on a 16-inch screen the displace- 
some. Whenever the waves of the de- === ~~‘ ment will be about 1 inch for a path- 
sired signal reach the receiving antenna = ~—_—_length difference of 1,000 yards. Figure ~ 
over paths of different lengths, there is 108 illustrates the principle and the ef- — 

_ the possibility of multipath interference. fect in the picture. The effects in re-— 

‘Obviously, when the difference in path ceiving aural programs are just as un- 
length is great enough, the receiver re- | desirable. Distortion and unintelligibil- — 
ceives two signal impulses carrying the ity result. if the interfering reflected sig- — 
same information, but separated by a nal is strong, and the time difference is 
short time interval. If the two signals == ~~ ~morethanahundredthofasecond. Mul- 
- areofapproximately thesameamplitude, = =~ ~_ tipath interference caused by reflected — 
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Figure 108. Television ghost images. 


signal energy is most likely to be serious — 


in an area where there are large struc- 
tures of metal. Interference can occur 
also in hilly or mountainous terrain, par- 
ticularly if the transmitting antenna is 


on a peak, and the receivers are not in a 


position to pick up a strong direct signal. 


(6) The phenomenon of reflection is made use ~ 


of in directional‘antennas, where addi- 
tional antenna elements are mounted in 
such a physical relationship to the actual 
radiating element, usually a dipole, that 
the reflected energy acts to reinforce the 
dipole radiation in a desired direction. 
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radio-shadow region behind the obstacle. 


Many antennas using parasitic elematits. 


oe depend on this principle for at least a 


part of their directivity. When objects 


are small i in proportion to the wavelength if : | 
of the radiation, the effect is to scatter 


the reflected energy with nonuniform dis- 
tribution over a very wide solid angle _ 
approaching 360°. The amount of ener- 
gy reflected to any given point from such 
obstacles is small, and usually not im- 
portant. The reflection of radio waves 
from relatively sharp discontinuities in 
the dielectric constant of the atmosphere 
can take place at boundaries between air 
masses of different characteristics, or 
~ from strongly ionized parts of the aurora — 
- borealis or of the E layer of the iono- 
sphere. Reflections of this sort sometimes 
-. return signal energy that ordinarily — 
would estape into outer space to the sur- 
face of the earth at points. several hun- 
dreds or even thousands of miles distant, 
for relatively short, erratic periods, The 
effect decreases with 4 increasing frequen- 
ey, and is seldom of any importance above | 
300 me. Many f-m broadcasting : stations 
in the United States, on frequencies near 
100 me, have been received for short pe- ae 
_ riods in 1 Australia. oe ee 


82. Diffraction of Radio Waves 


a. Diffraction i is the phenomenon by means “ot 
which waves are bent around obstacles in the path | 
of their motion. Most material objects offer some 
impedance to the passage of radio waves, either | 
by attenuating, reflecting, or scattering the wave 
in new directions. Diffraction causes some of that 
portion of the wave just grazing the edges of the 
Figure 
109: shows the effects of diffraction of two differ- | 
ent wavelengths. | 

_6. Long waves are diffracted more around an 
shstacle of given size than shorter waves, as shown 


in A and B, where the actual amount of diffrac- 


tion of both wavelengths is exaggerated for 
clarity. The strength of the diffracted wave 


drops very rapidly as the shadow zone is entered. 


This would make reception practically impossible 
in the shadow area behind large obstacles if the 
effects of reflection did not act to modify the re- 
sult. Actually, some energy is reflected into the 
shadow area from other obstacles in the path of 


109. 
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Figure 109. Diffraction of different wavelengths. 


the radiated waves, thus minimizing dead . spots. 


When the size of the obstacle is large compared — 
with the wavelength of the radio waves, the 


shadowing effect may make reception from certain 
directions difficult or Smporsian 





\ 


Figure 110. 


itself and the irregularities of its surface. 
effect of the surface curvature can be seen in figure 
110. The transmitting antenna is mounted on the 


Diffraction of waves around the surface of the earth. 


@, The main : obatadle that must be woniddebed for: ; 


radio waves in this frequency range is the earth | 
The 


tower at A, and. the optical line of sight is A-W-X. 


The only receiving antennas beyond point W that. 
can receive undiffracted radiation are those 


mounted high enough to be above the line of sight, 


‘such as the antenna at B, or in the aircraft at P. 


However, the part. of the. radiated wave grazing 


~ the surface of the earth at W is diffracted down- 


ward, as indicated by the dotted lines, W-Y, and 


W-Z. The longer the wavelength, the greater the | 


diffraction; therefore, the energy propagated 
along line A-W-Z would result from a longer 


ae diated wavelength than that along line A-W- y,: 
other things being equal. 


This slight bending . 
around the curve of the earth or over the larger 


7 topographical features of its surface is probably — 


the most. important effect that diffraction has on _ 
radio waves in this frequency range. The net ef- . 
fect. of diffraction i is to extend the actual distance 
to which a signal | can be propagated successfully 7 
between antennas of given height. e 
ad. Many natural obstacles on the surface of the 
earth are ‘sufficiently large in relation to waves — 
from 10 meters. (30 mc) to .8 meter (1,000 mc) in 


this range to cast well defined radio shadows. 


Hills and mountains have strong shadowing | 
effects, as shown i in figure tie: 
é. In. general, the sharper the peak of ie ob: : 


struction, the more effective diffraction will bein = 


filling in the edge of the shadow area. In the 


field, the effect of diffraction over. such ridges a | 
should be taken into account when sites: for trans-_ 


mitting and receiving equipment are chosen. 
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| Figure 111. 


* However, the natural features of the earth vary 
ae greatly i in different localities, and only a few gen- 
eral rules for selecting sites for radio equipment 
operating in this frequency can be given. 
these must be used with caution, and tested by cut- 
-and- -try experiment when the results obtained are 


Even 


unsatisfactory. The following points should be 


: taken into account: 


(1) For maximum reliable. range, erect the 
transmitting antenna as high, and as far 
removed from nearby obj ects, as possible. 
This is particularly important in reach- 

: ing the low-lying areas of the surround- 
ing country, such : as. the floors of canyons 
and valleys. fone ae 


oS (2) LE. an obstruction. between. ‘Fonduitting 


and receiving points prevents line- of- 


LINE OF SIGHT 
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Diffraction over mountain ridge. 


83. Refraction 


called refraction. 


a vacuum. 
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a. General. When. a radio wave crosses a 


boundary between the two media having different 


dielectric constants, the direction.of motion of the 


wave front is altered unless it strikes the boundary ae 


at exactly a 90° angle. This change of direction is 
wave on the boundary surface and the difference — 
in dielectric constant of the two media govern the © ‘ 
amount of this refractive bending of the wave — 
path, 
b. Refractive Index. The index of refraction. oe 
of any medium is defined as the ratio of the 


| velocity of light in the medium, and its velocity in 


The dielectric constant of the medium 


TM 667-902. 


‘Figure 112. Receiving signal by reflection. 


sight. communication, it is better to place 
the receiving antenna away | from the ob- 
stacle than close to it, as seen from the 
is transmitting antenna. In figure 111, the 
receiving antenna at B usually will re- 

- celve more signal from transmitter T 
than will an identical antenna installed at 


A, if both antennas are at about the same 


actual altitude. 
(3) When it is impossible to site the receiving 
antenna at a favorable point, such as B or 
C, it may be practicable to use a direc- 
~~ tional receiving antenna pointed toward 
~ gome. reflecting object. that receives a 
1. strong signal. This peebiley 1s illus- 
aa trated | in eure 112. . 





has a direct effect. on the speed of sropagation of fae 
electromagnetic waves moving through it, and 


consequently is connected directly with the phe; cee 
- nomenon of refraction. | 


@) In considering the effects of ae 
refraction on radio waves in the 30- to 


1,000-me band, an understanding of the _ 


conditions in the first few thousand feet 
above the ground is important. Air is 
compressible, and the weight of the at- 
mosphere above causes the air to increase 
in density as the surface is: approached. 
Also, air near the surface usually con- 
tains more water vapor than air at higher 


W1 





The angle of incidence of the | 


HEIGHT — 


412 





| altitudes, because of evaporation. from | 
vegetation and the surfaces of bodies of 
water. Both of these conditions cause 


the dielectric constant to be greater near 
the ground, and decrease gradually with 
increasing altitude. As a result, the re- 
fractive index also is greater near the 
ground, and decreases with increasing al- 


titude under normal conditions. The 


change in refractive index is not extreme- 


ly large, but it is enough to cause radio 
waves propagated horizontally to be bent. 


downward slightly. The amount of 
bending is proportional to the rate of 


change of. refractive index with height, 


REFRACTIVE 
INDEX 


“EARTH 





-@) Unfortunately, standard S eesice cun- 
‘ditions do not occur for more than a few 


| hours with any great degree of regular- 
ity, because the gradient of refractive in-- 


~ dex is *danirolled by local weather and 


climatic conditions. The gradients of 


| temperature, pressure, and humidity in 
the first few thousand feet of the atmos- 
phere all affect the refractive index. Pre- 


diction of these conditions and their | 
over- -all effect on the refractive index. 
gradient is difficult or impossible except , 


ina few locations. 


Cn L ‘yPes of fefractive Index Gradiénd Condi- Moe 
tions. In the graphs of figure 114, the slope Of 
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To 
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_ Figure 113. N ormual downward bending. 


which is referred to as the refractive 
index gradient. This effect adds to the 
downward bending because of diffraction, 
and extends the expected communica- 


tion range somewhat farther than the — 
optical horizon. The total effect when 


the index of refraction diminishes 
smoothly with altitude is to extend the 


_ actual radio horizon to where the optical 
horizon would be if the radius of the’ 
earth were increased by one-third. Fig-- 
ure 113 illustrates the ‘bending of the 
‘wave path under. the standard atmos- 
phere condition. = 


the fefrect ce fda 3 1s “Voted against height | a 


four differerit atmospheric conditions. This meth-_ 


od of plotting shows the actual direction of index 
change, which decreases gradually with height 
under normal conditions. When other methods 
of plotting are used for special purposes, the graph 
is called a modified index plot. 


“AY. In A of figure 114, the standard atmos- : 
phere condition is dhowh: with horizon- < 


_ tally propagated waves bent downward 
‘somewhat less than the curvature of the 


surface of the earth. The density of the. 


shading in the corresponding sketch of 


the earth profile also illustrates the is : 


dient of refractive index. 















@) In B of igure 4 114, ‘the 5 Wetoustire. cndex 7 
- gradient is. considerably steeper below 
1,100 feet, which causes the condition - 


called. a canine duct. 
dition exists, radio waves of appropriate 


length. propagated horizontally. from an 
_ antenna located within or closely above - 
the. affected | alr layer’ will be refracted. 


downward more than the normal amount, 


and thus will reach. points on the Surface 


well beyond the usual range. When this 


- effect, is rather strong, it is called trap- 


ping, because the waves are at least par- 
-s tially trapped in the layer of abnormal 
refractive index gradient. 
a layer may be considered to act some- 


what as a wave guide with a leaky sur- _ 


: face when the departure of the gradient 


from the. ‘standard - condition is large. 


The greater the vertical thickness of the 


layer: or duct, the longer. the wavelength 


of radiation that will. be: trapped. 


| (3) C of figure 114, illustrates an elevated | 
duct. condition, in which the slope of re-_ 


- fractive index approximates the standard 


=e value of the surface, but increases at — 
about 700 feet, and returns: to the stand- — 
Under such — 


ard slope at about 1,200 feet. 


strong signal, if it is at an altitude be- 
tween the upper and lower limits of the 
duct. An antenna at the same location 
either above or below the boundary sur- 


faces of the duct will receive less energy | 


than the same antenna sited within the 
duct. | oy 
a. Substandard Binyjer. 


114. The slope of the line indicates that ‘the 


oy ‘index is substantially constant, or perhaps even 


increases slightly | with height.. Such a layer 


sometimes is called a substandard layer. 


_ to move more nearly tangent to the curve of the 
earth’s surface than under standard conditions, or 
perhaps even to be refracted upward slightly. 


oT he effect is to shorten the range of successful 








When this con-_ 


In fact, ‘such © 


- climatic conditions. 
Persian Gulf, and Northern Indian Ocean areas 
show strong duct formations during certain sea- 


An “opposite condition nas (00 tatles, 
to that of a surface duct is shown in D of figure ce 


Hori-' 
zontal propagation in a substandard layer tends | 


propagation between: ardennas positioned. below 


the top of the layer, but there is little effect: on | ee 
those radio waves in the 30- to 1,000-me tanga are oa 
likely to be heavily trapped, except in a few locali- 
ties where unusually thick duct layers occur. 9 — 
Table III shows the approximate relationship be- 


expected range between antennas:above it. 


tween duct thickness and the maximum wave-— 


length that will be heavily. OE pe when the duet a - : 
is well established. | 


Table III. Duct Heights and Wavelengths 


Wavelength ae 


Duct height. - 
BO TECE ie nate ee _ 0.1 meter 
TOO TOC oe oe ao ne ce a oe ete ee eet | 0.8 meter 
AQO eCity 1-meter 
GOO feGt 2 oA a ee 3 meters 
2,000 fect oo ain. 82 2 use eee 10 meters 


os ; e. Trapping. Trapping | extends ‘the possible a Ee 
communication range most when both transmit- — 
ting and receiving antennas are within the duct, 


but still has some effect when either antenna or 


both antennas are above, but fairly near the upper : ee 


surface. The general effect for antennas sited at _ 


various heights in respect | to the fuel are shown — 


In figure 115. 
-. conditions radio. waves propagated hori-». 


zonally from antennas positioned below, _ 
in, or close above the duct layer will be 
at least partially trapped in the layer. Laon 
A receiving antenna well beyond the | 
normal range may pick. up a relatively 


if. Climatic Conditions. Some ssipaphicdl jee 


- ealities already are known to favor duct forma- 
tion during portions of the year because of local 


The Mediterranean Sea, — 


sons, and many parts of the Pacific Ocean also de-_ 
velop ducts frequently. As a specific example of — 


an extreme effect, a 200-me radar at Bombay, 
India, during World War II, observed points on — 
the Arabian coast regularly during the period 


from February to May inclusive, at ranges up to 


under conditions that permit the atmosphere near — 


the surface to become stratified. Scientific study | 
_of the conditions that produce ducts has not yet 
made possible accurate prediction of duct occur- 


rence or effects, excepting in a few localities. 
However, measurements of the temperature, pres- 
sure, and humidity gradients in the lowest two 
or three thousand feet of the atmosphere at any | 
location make possible reasonably accurate col, os 


113 


In general, ducts seem to occur most | 
frequently j in any. locality during the hot. months, _ 
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me power may be as little as 14 mile. 


ee fading can occur. 





= cas dee of the existence, intensity, and extent of | 
ee duct, formation. ee 


oye 84, Attenuation, Fading, cna Noise | | 


re ae Radio waves in this frequency range are at 
- tenuated little by the atmosphere in passing 
ae through. it between the transmitting and receiving 
antennas. 
tion can cause serious attenuation, even over rela- 
In heavy jungle or forest, 


However, the effects of heavy vegeta- 


tively short distances. 
- unless. one antenna or both antennas. can be 
~ mounted well above the top of the general level 


- of growth, the communication range is reduced 


| drastically. In dense, heavily foliaged, moist, 


tropical rain forest, for instance, the maximum 


| dependable range for field equipment of moderate 


attenuation can occur even at 30 mc and lower 
frequencies, and becomes more serious 5 with in- 
| creasing frequency. 


6, Fading at distances up to slightly less than 


the optical horizon is relatively unimportant for 


this band of frequencies. However, at and beyond 
the optical horizon, in the region here diffraction — 
_ and refraction effects are important, severe rapid 
7 The effect is caused partly by — 

- interference between components of the received © 


signal arriving over paths of slightly different 
lengths, and small instantaneous variations in re- 
- fractive index which result from atmospheric tur- 
‘bulence. The rapidity and depth of such fading 


-" inerease somewhat with frequency. The effects 


can be minimized by the use of diversity reception 
and similar techniques. | 


G. ‘Steady atmospheric noise is low even at the : 
-lower limit of the frequency band, and declines — 
steadily as the frequency is raised. Noise caused — 
by severe electrical storms near the receiving loca- 


tion may reduce circuit effectiveness at frequencies 
up to 70 or 80 me, but even their effects decline 
rapidly with frequency. Electrical noise gen- 
erated by the sun and stars (called stellar noise) 
also has some effect. within this frequency range, 
_ but its average level is such that it is masked by 
_ the effects of atmospheric noise below 10 mc. In 
the region from 30 to 300 me, this noise can be 
heard in very quiet receivers as a rather weak, 


| : smooth hiss resembling the internally generated 
: The noise in the receiver input | 
~ circuits begins to override the stellar noise in the. 


noise of the set. 


- 800-me region for even the quietest receivers, un- 
less nny: high- gain antennas are ‘used, 


oo. 6. 


many localities. 


cuits. 


This degree of — 


- driven elements. . 


| lengths. 


ticable.. 





| Noise : from. électrical devices sinh” as power tools, sgn 
razors, diathermy equipment, and vehicle ignition 
| systems is a much more serious limiting factor in — 
‘This. is a high-amplitude im- | 
pulse noise, with» very steep wave fronts, that a 
tends to. shocleegcite sharply tuned receiver cir- ao 
The resulting interference to communica- = 
tion circuits can be severe up to 200 or 300 me, but ee 
declines as the frequency 1s increased. In areas =. 
! “subject to such noise, peak- clipping noise limiters a, 
in receiving equipment have proved effective in ee 


minimizing its actual effects on circuit communi- 


cation efficiency. 


85. Antennas . | 


a. Practical antennag ee in ébee 30- to 1, 000-me 

range have the identical electrical péinciples. Of > 
The effective — 
power gain in the desired direction usually i 1s Oe 05) 
~ tained by one or more parasitic, or suitably phased, 
The principal differences be- an 
tween antennas for this range and those used ab 
lower. frequencies i is caused. by the shorter wave- 
Since there is a direct relationship bee = 
tween wavelength and the physical Jength and Coa 
‘Spacing of antenna elements, multielement anten- oP 
nas of large, effective, inal: -gathering area and 
high directivity are physically practicable in this ee 


antennas at lower frequencies. 


part of the frequency spectrum. 


b. Above approximately 100 me, corner ae 


tors can be used, and at about 400 me the wave- — = : 


length is such that even a parabolic reflector @X- a 
~ cited by a dipole. at the focal point. becomes prac 

In the remaining region, up to 1, 000 te. 
the use of the parabolic reflector for permanent, an i ; 
~- point-to- “point installations and arrays of/stacked 
rhombic or Yagi antennas become effective: 6 
Figure 116 shows. typical antennas for use in. the ee 
30- to 1 ,000- -me frequency. band. ae 


C. The reciprocity principle, a b hows ina a 


the gain and directivity of an antenna are the - oe 


same when either transmitting or receiving, ap- 


plies to this and all other parts of the frequency - 
spectrum. The net result of the shortness of wave- 2 
lengths in the 30- to. 1000-me band is to make phy- 

_sically practicable antennas of such high direc- — 


tivity and power gain that equipment of low to. & 
moderate power. can provide reliable communica- 


tion or other : service at ranges of from 100 to 300— 


miles, depending | on atmospheric conditions, ‘low ee 


cation , coverage pattern, and similar factors. ‘Pia — 
vhigh directivity posible also. aids in obtaining A 
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ie er cs “When 


. sy _ quency encounter an object of different. conduc- 
-. tivity and/ or dielectric constant from. that of the 


-medium in which they are moving, some of the 
oe energy will be reflected. gees 
eta Al he: better the conductivity of the reflecting: 


ee object, or the greater the dielectric constant, the 
“more effectively it will reflect radiation of a given 


as wavelength. | : 
4, When objects are small in 7 proportion to the 

es wavelength of the radiation, the effect is to scatter 
the reflected energy with fonaniforn distribution 


ee over a wide angle approaching 360°. 


wane ae discontinuities in the dielectric constant of 
“so the atmosphere can take p 
tween air masses of different characteristics, or 
ee from strongly ionized parts of the aurora borealis, 
-.* or of the E layer of the ionosphere. _ 
_ k. Diffraction is the phenomenon by means of 
rg which waves are bent around obstacles in the path 
_of their motion. 
se 1. When a radio wave crosses a boundary be- 
oe beeen two media having different dielectric con- _ 
stants, the direction of motion of the wave front _ 
-- is altered unless it strikes the boundary at exactly — 
a 90° angle. 
| aerepetten. 
- m. The index of retraction. of any medium’ is’ - 
a defined as the ratio of the velocity of light 1 inthe — 
medium, and its velocity in a vacuum. 
nm, At and beyond the optical horizon, severe 


j» Reflection of radio oe from relatively 
] 


ce at boundaries be- 


This change of direction is called 


rapid fading caused by interference between com- 


o - ponents of the received signal arriving over paths 


S of slightly different length can occur, as well as 


small instantaneous variations in refractive index 


Ae which result from atmospheric turbulence. 


0. Steady atmospheric noise is low even at the 


» Agwac limit of the frequency band, and declines 


oe - s ten adily as the frequency: increases, 


ee 


electromagnetic waves of any free 








<2 D. Because theta i isa x diveet relationship between es , 
wavelength and the physical length and spacing oo 

of. antenna elements, multielement antennas of © __ 
large, effective, signal- -gathering area and highs 2: 


directivity are Diiysically practicable at the higher ae | 
frequencies. aa ae 
g. The reciprocity principle, which shows that — 


i 


- the gain and directivity of anantennaarethesame 
when either transmitting or focelving, applies t to Nee 


all parts of the. frequency spectrum. 


! 87. Review Questions 


a. Why may ‘the plane. of polariantten of the e 
received radio. wave at any given point differ 
somewhat from the polarization 4 at the transmit- age * 


ting antennal 
6. What is meant by space wave! 
wave? 


frequency radio waves depend on? 


— -d. What is the effect of ground reflection? — 


e. How does. the directional antenna make use 





_ of the reflection phenomenon? 


f. What. is diffraction? 





Ge: What. are the effects of diffraction on the | 
propagated wave? — | a : 


~h. What. is refraction? 


7. What governs the amount of refractive bend. | a nee 


ing of the wave path? 


j. Define the index of refraction of any raadiam: we oe 
kk. What are some of the factors affecting: the | : as ‘ 


refractive index? 
1. What is meant by Auit trahiemiasion’$: 
mm. W hat is a substandard layer? | 
—n. At what time of the year do duet formations 4 
generally occur? | ake 
o. What are the advantages of : a highly diree- o 
tional antenna? ° | 





 p. Why are parabolic: reflectors used in “the : on Oe 
: higher reaheney. penaes , | 





By surface | : a, 


c. What does the dozres of reflection of high- aS 





eee radio sets. 
classed as such, has as its main function the com: 
- munication of information. from. one place to an-— 
The information - 
— to be transmitted may be human. speech, meter — 


indirectly into electrical. impulses. 
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_HIGH- FREQUENCY RADIO- COMMUNICATIONS. SET 





yo : 88. ‘System Requirements 


Os General. Progress i in the field of radio com- 


oS cs munications has reached a point, where the equip- 
ment is designed with a specific group of per- 


formance characteristics in mind. This is partic- 


~ ularly true i m military equipment, where many re- 


- quirements are ‘severe. This tendency | toward 


specialization leads to some confusion in consider- 


ing the many sizes and types of equipment classed 
Each radio set, or group of pieces 


other by means of radio waves. 


| readings, the presence or absence of an object. (as 


in radar), or any kind of information that can — 
be converted into equivalent. electrical Impulses.. 


Practically any data can be converted directly or 
: These im- 
pulses can be transmitted from ‘place to place by 

means of radio waves, and reconverted into a 

nearly perfect replica of the original data. The 
kind of information to be transmitted affects the 
design of the radio-frequency equipment in the 
system very little, but the quantity of informa- 


tion to be transmitted j in a given unit of time is an’ 


a important factor. The amount of information or 


. “ data to be transmitted through | the system ina | 
. given time unit—say 1 second—is limited directly 


f by the bandwidth of the whole system and the 
= amplitude range it can handle. The amplitude 


range is limited by the maximum power capabil- 
ity of the equipment and. the unavoidable noise 


level. The quantity of information to be carried 


- during.a given time unit is one of the fundamental 


considerations that affect all the practical prob- 
lems of radio- -equipment design. 


ae For example, a 
bandwidth of 6 me is required to transmit a suffi- 
cient quantity of information per unit of time for 
a reasonably good television. picture. | Gn ‘the 
other hand, a bandwidth of 3 kes 18 up auiicient to per- 








mit effestive: speech transmission, and a bands”: eas 
width of only a few hundred eycles is enough for ey 

high-speed radio telegraphy. SuRE GP 
The sequived bandwidth aa 


b. Practical Factors. | 
affects equipment design, no matter how compo- - 


nents are improved, or what the propagation con- | : oe 
The limitations and the large eo 
number of practical performance factors needed 


ditions may be. 


in the many different uses of radio tend to over- — 


shadow the importance of bandwidth. Some of © 
the more important practical considerations inte 


military applications of radio are as follows: 


oO oe range over which reliable . 


communication must be maintained. 


(2) Radiation pattern desired: directional OP Oe 


4 Le 


nondirectional. | 2 
(3) Permissible size, weight, 2 and power drain . 

of equipment. a 
~ (4) Service conditions, such: as fixed or wiobile 


- station, and dlimatié conditions expected. Ens 


(5) Gperationl life expectancy required, 
(6) Reliability. | 
¢. Effects of Practical F. actors. 


sary a wide variety of radio sets. 
example, two widely different applications: of | 


radio quipment, such as a proximity fuse anda. 
radio-telegraph transmitter for long- distance, — 


point-to-point communication. The size, weight, 


and power drain of a proximity fuse are obviously ~ 
_ limited, and the service life need be only seconds, —_ | 
Whereas the large transmitter will be expected to 


function for many years with normal maintenance. 
89. Basic Units and Functions 


a. Transmitter-Equipment Functions. The in- 


formation to be transmitted through the system : : 
shown in figure 117 is applied first to the trans- __ 


ducer unit, which translates the information into 
an electrical impulse’that is proportional in some — 
way to the data. Ina radio-telephone transmitter, 


for exemple, the transducer 1 isa microphone which Pg 


: 9 





The effects of - 
_ these widely varying requirements make neces- 
Consider, for — 








.  maitter. 





ve converts the sound waves produced by the voice 


‘of the operator into an electrical signal. In a 


radio set used for telemetering, the transducer 
oy might be a temperature or strain gage mounted in 

~ a guided missile which converts a temperature - 
- ehange or mechanical strain into an electrical sig- 


nal. Whatever the transducing device used, its 


4 ie electrical output is applied to another part of the | 
_ transmitter where it is caused to vary the radio- 
_. frequency output with the variations of the data. 


_ This process actually takes place in one of the 


radio-frequency amplifying stages of the trans- 
However, the actual power produced by — 
the transducer is seldom great enough fully to — 


» modulate the radio-frequency output of the trans- 
mitter. For this reason, the transducer output is 
* amplified first to the required power level, and 
the output is. applied to an r-f amplifier stage, 
_ where the modulation process takes place. The 
- power amplifier that actually supplies the ampli- 
- fied signal from the transducer to the r-f ampli- 
fier is called the modulator. The modulation 
method may vary the amplitude or frequency of 
the r-f output power of the transmitter with the 
- variations of the data applied to the transducer, 
or it may be a form of pulse modulation, in which 
the spacing or amplitude of a series of pulses is 
- caused to vary with the applied data. The essen- 
tial part of the process is the variation of the r-f 


output in accordance with the data to. be trans- 
mitted. The source of the radio frequency (the 
oscillator) may be modulated directly. 
the oscillator frequency usually is amplified fir 


However, 


ther and/or multiplied several times, and then 
applied to a power amplifier. The modulating 
signal actually may be with the carrier in any 
r-f stage, depending on the system of modulation 


chosen. The function of the transmitting anten- 


~ na is to radiate the modulated r-f power to the de- 
sired receiving points. — 7 
(6. Receiver-Equipment F unctions. 
_ ceiver, the opposite process takes place. The an- 
- tenna collects some of the energy radiated from 
the distant: transmitting antenna, and produces 
a radio-frequency current in the antenna that ex- 


actly resembles the vastly stronger current flowing 


in the transmitting antenna. The relatively fee- 
ple r-f current from the receiving antenna is 


- amplified in suitable amplifying stages that are _ 
also selective. | 
that reverses the process of the transmitter, and - 
- yields an electrical signal similar to the output. 


It then is demodulated in a stage 


in the | 
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Figure 117, Block diagram of a basic transmitter ee 
» and recewwer. at hate 
| This data- 
bearing signal then is applied to a suitable trans- 
ducer, either directly or after further amplifica- 
tion, and the original data are reproduced in some 
desired form. In-a radio- telephone circuit, the 


transducer at the receiver may be a loudspeaker : | 


or headphones, which recreate the sounds entering — 
the microphone at. the transmitting end. The 
data-bearing signal can just as easily operate some 

other sort of transducer, such as a recording- - 


machine cutting head. This great flexibility 1s 


one of the many reasons that radio communication | 
18 such a powertil aid to military operations. 


90. ‘Typical Radio Set 


A transmitter and receiver howall in. n deparets ere 


- weatherproof cabinets, together with their power. 


supplies and spares, are shown in figure 118. The — 
basic function of this: equipment is to transmit 
and receive voice and tone-modulated signals 
across stretches of: terrain where. the stringing of 
wire telephone. lines i is not feasible. In such serv- 


ice, the equipment. is required to be in continuous. 


operation for long periods with relatively little 
attention. Because of this, the transmitter and 


receiver are of rugged design, both electrically _ - ae on 


and mechanically, to insure stability and depend- 
ability. The weatherproof cabinets provide good | 


| mechanical proteption,. and a ‘heating. unit is in- 





In the type oe service for which - 
a oe Is designed, the signal coming in: tl } 
" oS ceiver is amplified, demodulated, and. applied. to e 
the transmitter as a modulating signal. Tt 


direction. 
: ee tions, a , 
(cee his principle i is illustrated in figure 119, which | 
is a block diagram of a two- “way system with two 
ge relay stations operating between. terminals sepa- 


oe 91. Transmitter Characteristics : 


foe 000 cycles per second must be handled. 
~ bandwidth is required because, at maximum ca-. 


ed 





ae duidedt in each, to o keep the interiors ra nat 






2 power output of the transmitter is radiated froin 


the transmitting antenna toward. the next relay = 
point, where a similar set repeats the. process. 
Thus the whole set functions. essentially Tike a 
repeater amplifier i ina telephone line, to reamplify — 
and pass on whatever information is supplied to 
mde Unlike. an actual re- — 
cS peater, however, it can handle a signal i in only one 
To permit. operation ,in’ both» direc- 


it in the received signal. 


‘second unit is needed at. each relay point. 


rated by approximately 200 miles. The actual 
distance spanned 1 in a given relay. depends on the 
_ terrain, noise, interference, propagation. charac- 


teristics, and similar factors that. must. be deter- | 
mined by trial and error in the field.’ In general, 
satisfactory operation. over a distance between 


a relay points of line-of-sight distance plus” about 


: | 10 percent can be expected under average condi- . 
| tions. : Se 


a. Electrical F catures. 


eighteenth of the output frequency. The. third 
harmonic output of the oscillator stage 1s amplified 


eo. “and multiplied in frequency bya tripler stage, and - 
~~ applied to a push-push doubler. stage, the output | 
of which drives the final amplifier, ~The oscillator 
and following multiplier stages use 5T 63 miniature — 
ae pentodes, and the final amplifier is an 829B, as | 
. . shown in the block diagram of figure. 120. The 
audio amplifier and modulator, as a result of us- — 
ing inverse feedback, are capable of fully modu-— 
i ating the transmitter output with very low dis- 
tortion. This is necessary. in this equipment, be- 


~ cause a band of audio frequencies from 250 to 12,- 


pacity, four actual speech channels are carried by 


oS the system. The components forming the tuned 


-.  elreuits in all stages of the transmitter are of the 











Sie thie re- 


The trananiitter, AS of ": 
- figure 118, is an amplitude- modulated unit. capable oy 

of 25 watts of r-f power output | on any one of sev- _ 
eral frequencies between 182 and 156 me. 
~. erystal-controlled by an. oscillator operating at one- 


a ae is. 


This aaiia | 


fies, fmm ped oe iene: ‘hicir officicney at the high? ee 
est frequency involved is adequate, and stability : a 
is assured by the use of crystal control and the 
, temperature and humidity control provided by the "2". . 
closed cabinet and heating unit. 


b. M echanical Features. 'The various chassis of 


the transmitter (A of fig. 118) are mounted - ver- he 


tically on.a supporting rack, which can be rotated 


about a vertical axis on supporting bearings toro 
_ give access to power and control connectors in the 
rear. : 
the floor space needed for the unit in indoor in- © : 
stallations, and. supports: the parts ina position | 
that thakes maintenance and repair relatively easy. _ 
It also permits good circulation of air within the 
cabinet. This minimizes the danger of developing 
~ local hot spots in the equipment during long 
‘periods of continuous operation. — 
power- supply voltages and input and output Sige ss 
nals are cut to lengths that permit turning the 
-rack for inspection and adjustment without shut- 
ting down the equipment. — 


The vertical position of the rack reduces _ 


The power output is 
fed to the antenna through a coaxial-cable trans- 
mission line, which passes through a weather- 


tight packing gland in the top of the cabinet. 


The transmitting antenna is mechanically rugged, — | 
and can withstand wind pressures up to at least 


' 400 miles an hour, and ice loading up. to at least | 
- Y%-inch thickness. | 
= of the antenna mounting brackets permits orient- _ 
ing the unit for either horizontally or vertically 
- polarized radiation. 
tion plane usually is influenced by terrain and 
a propagation conditions, and the kind and amount 
; of noise and iterference experienced. 


The mechanical arrangement 


The choice of the polariza- 


* 92. Receiver Characteristics 


A. Electrical Features. The receiver is a single- | 


conversion superheterodyne, similar in design to 
- communications receivers for frequencies below 

30 me. 
~ block diagram of figure 121. 


Its principal features can be seen in the 
The signals inter- 
cepted by the receiving antenna enter the cabinet 
through a coaxial transmission line, and are | 


coupled inductively to the tuned-grid circuit of 


the r-f amplifier stage. The tuned circuits of this 


and other stages of the receiver are of the lumped-— 


component, coil-and-capacitor type common at 
30 me and below. At the highest operating fre- 
quency of this radio set, such circuits are sufli- 
ciently stable and efficient to justify their use. — 
The amplified signal from the r-f stage is mixed 


121 
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Figure. 119. “Block  didoram of radio relay system, 


2 a the, following. stage with the local oscillator 
ne signal, and converted to the intermediate fre- 
~ quency, which is 6.8 me. 
stability of the receiver is due in large part to the 
use of a relatively low-frequency 
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The excellent frequency — 


PUSH-PUSH 


-132-156MC. 
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-132-156MC” ff 


PUSH-PULL _ 


“‘W2 12AX7. 


mixer are similar to those found in any Somme nee 


cations receiver. Remote cut-off pentode ampli- — 
fier tubes are used so that ave (automatic volume 
control) can be applied effectively to all stages. 
In equipment designed for long periods of opera- 
tion with a minimum of attenuation, good ave ac- 
tion is particularly important because of the. jorge 3 
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Block diagram of transmitter. 





. Jocation of the various units. 


es changes i in Janel of the 3 incoming sional produead i 
ee by changing propagation conditions and other | 
. The only unusual feature of. the ave cir- 
cuit is the use of one triode unit of a 124A. X7 tube 
asa vacuum-tube voltmeter. to indicate the 
| strength of the i incoming signal. 7 
_ of the receiver is applied to modulate the trans- 
-mitter, it is necessary that the level of the modu- 
lating signal be controlled carefully so that the 
transmitter power will be fully modulated, but 
- not overmodulated. The detector and audios 
amplifier stages of the receiver are similar to those 
used in conventional receivers, except that some 
_ extra steps have been taken to minimize distortion 
by the use of negative feedback. | : 


causes, 


Since the output 


b: Mechanical Features. The receiver ehuaeis 


and power supply are mounted on a vertical rack. 
B of figure 118, shows the | 
This mounting 


inside the cabinet. 


offers the same general advantages for mainte- 
nance and adjustment as that of the transmitter. 


The antenna and transmission line are also of the 
same type used for the transmitter, and the same 
mechanical considerations apply. 
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93. Over-all (Design and Operating Con 
| _ siderations — ae 


Me the operating. Hequensis of the equipmont, : 


= maximum range is limited more by. line-of-sight _ o 
| propagation, than by atmospheric noise and similar 
factors. 


Since the sets are for point- -to- “point relay | 
operation rather: than general. coverage, corner-_ 


- reflector antennas, pwhich are highly directional, 


are used.. These provide adequate signals to ‘the : 


receiving point, and eliminate the noise and in- 
_. terference from other directions. i 
and power drain permissible. are much greater oe 
than for airborne equipment capable of the same 
power. Because of thisy the mechanical and elec- 
trical design is rugged, and all units are operated. 
well below their maximum ratings. . 
able, because service conditions may vary widely, ~~. 
and the operational life should be reasonably long. — oe 
Since the equipment is required to operate foro. 


The size, weight, | 


relatively Jong periods with a minimum of atten- 


tion, reliability based on stability and conserva-_ 


tive operating voltages and currents has been a 
given careful attention. | 










ave 




















AVC. 


 6.8MC. — obec 







: (3D. tT 
|- -F AMPLIFIER 
V408 
6SG7 

 6.8MC. 


oe 2D, 

1 t=F AMPLIFIER 
| -V406 

Tt 6.8MC. 










IST 
V405 


6.8 MC 


| tst.auoio PP 
AMPLIFIER 


. DETECTOR ~ 
Vv 410 | 


vV409 © 


V4il aa 
2 CALS — 


6AUG ey 1 


We 2 I2AXT 












OUTPUT : 
| RF | gupio POWER» | 
OSCILLATOR | OSCILLATOR | : SUPPLY ge Goce are, 
, V414 MODULATOR +180 - v4ie2 “6 sy ac. 
| 72 6sL76T | V414 V4i3 Lee - ; 
132 -156Mc | 1/2 6SL7GT (2). 6x4 
J ¢ a : eS Stale Sa 
: oe eh ‘TM 667-1008 
Figure 121. Block diagram of recewer. agit 
124 -— : 
OA 








This is desir- — be 


“auntie be 











ox = 94, ‘Summary 


dh ‘The main farietion of any. Audio set is the | 


| transmission or ‘reception of information by radio 


waves, 


6. Since any information ‘apiathe of being con- 


& verted into equivalent electrical ‘impulses can be 
transmitted and received, radio communication is 


re extremely flexible and versatile. — 


¢. Design of practical radio equipment 1S QOV- 


erned by bandwidth, maximum range, permissible 


as “size, weight, and power drain, service conditions, 
radiation pattern, operational life expectancy, and 
reliability. ae 


d. The basic units of a typical) ‘teanemitter » are: 

(1) A transducer unit, which converts the 

- information to be transmitted to an elec- 

trical impulse which i is in some way pro- 
portional to the information itself. 


— (2) An amplifier- modulator stage, in which 


the radio-frequency | energy is amplified 
and varied by the output of the trans- 
ducer in a way that corresponds closely 
to the variations of the data. 


A) An oscillator, the source > of the r-f power. 





from. transducer to antenna. 


(4) An antenna, which radiates the mod- 
_ ulated and amplified r-f energy to the. oe 


_ receiving point or points. 


e. A typical receiver consists of stages which oe 
perform the same process but i in reverse. oaher - 


basic units are— Bie 
(1) Selecting and an pitying vireuite, en : 


amplify the r-f current received by the . a 
antenna and reject signals of frequencies mee 


_ other than the desired one. 


(2) A demodulator, which produces a siodal ‘ 
| like that of the output of the transducer hae 


at the transmitting station. 
(3) A transducer, 


~ form. 


95. Review Questions 


a. What is the main function of a radio set? 


b. What are some of the more important prac- ge 


tical considerations in military appliosiiony of 


> radio? 


c. What is meant by the term tranaducer? - 


d. Explain the operation of a vhf radio receiver ee 


from antenna to transducer. . 
_e. Explain the operation of a vhf transmitter os 


oe 
| 
: 


ae 





which reproduces _ ithe ss S : 
_ transmitted information in the desired eee 
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